CHAPTER 5 



GENE-BASED THERAPY 



Stephen L Eck and James M, Wilson . 

Advance* in molecular and ceththr biology have described the proteins (hat mediate many 
disease processes, while QNA technology provides ready access to the genes that control 
these events. The site, complexity, and cellular Inaccessibility of these proteins make their 
delivery or modification by conventional pharmacological means impossible. Oene ther- 
apy overcomes these barriers by the selective Introduction of recombinant ONA into tis- 
sues so that the biologically calve proteins can be synthesized within the cells whose func- 
tion. Is to be altered. As such, delivery of recombinant ONA has become a central issue 
in alt gene therapy strategies. A variety of ONA delivery systems havt been developed 
based on viral t{fe cycle pathways, liposome encapsulation, direct injection, and cvnt~ 
plexat ton with carrier proteins. Although originally envisioned as a treatment for Inher- 
ited single-gene defects, gene tlurapy has found applications In acquired illnesses such 
as cancer, cardiovascular and infectious diseases, This, chapter provides an Introduction 
to the therapeutic issues and current strategies being explored to apply gene therapy to 
this wide range of diseases. 



SCOPE OF GENE THERAPY 

Therapeutic gene transfer U nott new concept (Wolff and 
Lederbcrg, 1994). More than two decades before the first 
gene transfer look place in i clinical setting, Edward Tatum 
speculated; "We can even be somewhat optimistic on the 
long-range possibility of therapy by the isolation or design, 
evmhesis, and Introduction of new genes Into defective 
cells of particular organs' 4 (latum, 1 966). The treatment of 
human disease by gene transfer originally was envisioned 
as a means to treat diseases arising from single-gene de- 
fects. Inherited diseases encompass a wide range of disor- 
ders wherein a defective gene leads to the failure to syn- 
thesize a particular protein or to the synthesis of an 
abnormal protein. In either event, the absence of the nor- 
mal pfoiein can lead to a variety of clinical manifestations 
depending on the structural or enxymolic role (hat protein 
normally plays in the cell. Such conditions range from mild 
disorders that require no treatment (e.g., color blindness) 
to life-threatening diseases (e.g.. hemophilia, cystic fibro- 
sis). These diverse diseases ere, in general, inadequately 
treated by conventional pharmacological means. Therapy 
based on the replacement of the missing or defective pro- 
tein (such as factor VIII for hemophilia, transfusions for 
sickle ;ccl) disease, and adenosine deaminase for severe 
combined Immunodeficiency syndrome) Is available. for 
only a few of these disorders. -Furthermore, these therapies 



ere only partially effective In ameliorating the manifesta- 
tions of Ihe disease and are accompanied by significant 
complications. For most genetic diseases, providing the 
missing protein In a therapeutic fashion Is not feasible due 
to the complex and fragile nature of the protein and the 
need to deliver Ihe protein to a specific subcellular loca- 
tion (!.«., cell surface expression, lysosomal localization, 
ere). Transplantation of the major affected organ has been 
done In some Instances (e.g., bone marrow transplantation 
for sickle cell disease, or liver transplantation for hypcr- 
liptdemiQs), but this also has severe limitations of organ 
aval lability and adverse consequences arising from the Im- 
mune suppression required to prevent rejection of an allo- 
geneic tissue. 

Providing. a normal copy of the defective gene to af- 
fected (issues would circumvent the problem of delivering 
complex proteins, as the protein could be synthesized 
within the cells using the normal cellular pathways. Al- 
though the defective gene Is present in all cells of an in-, 
dividual with an inherited disorder, only a few. tissues or 
organs actually express the gene and therefore are affected. 
Defects in genes that function in all cells of the body (so- 
called housekeeping genes) usually result in such severe 
abnormalities that embryonic development cannot occur. 
The limited number of tissues affected by most inherited 
disorders greatly simplifies the requirements for effective 
gene therapy, since a functlonol copy of the gene need be 
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provided only to those (Issues that actually require h. the 
goal of gene therapy, therefore, It to geneUcttly correct the 
defect in only part of (he body. Since this type of therapy 
is designed not to alter the genetk structure of reproduc- 
tive orgsns, it docs not prevent the genetic disorder from 
being passed on to subsequent generations. It is envisioned, 
however, as a powerful tool to ameliorate or reverse the 
metabolic consequences in the treated individual. Target- 
ing of the therapeutic gene to a ipcclallied tissue is an area 
or tremendous Interest in all applications or gene therapy. 
Furthermore, ir the gene transfer can be targeted to the ma- 
jor affected organs, then side effects arising from ectopic 
gene expression in nontargct ceils might be avoided. As 
with other pharmaceuUcal agents, cell-specific targeting 
has the advantage of decreasing the effective volume of 
distribution and the amount of gene transrer agent needed. 
Such cell-specific delivery systems are not yet available 
for either drugs or genetic material, but It can be reason- 
ably expected that the explosion of interest in gene thei- 
apy will resuh in new methods that are applicable to the 
delivery of DNA and conventional pharmaceutics alike. 
DNA delivery systems are being developed using a vari- 
ety of chemicsl, physical, and biologic agents. 

The earliest human gene transfer experiments began In 1989 
wlih lymphocyte marking wudies. White offer Ing no ihcropeulk bea- 
tfll, these loltUJ itvdieft showed thoe gene tranxfer could be safely 
anted out end provided Insight Into many of tho technical difficut- 
Ocs of human gene transfer (Rosenberg «l ol., 1990). Lymphocyte* 
were Uletjr Ousel* for InMUl gc«c therapy attempts because they can 
be Isolated cully and manipulated u vivo. Thus, tinvc torgeilng can 
be effected by physical icmoval and manipulation of ins recipient 
celts, rather than by deilga or the geoe delivery lystem. which has 
so far proved difficult. Lymphocytes were alio stlracilw because they 
are the cellular locus of aevuit inherited and acquired disorder* (eg- 
severe combined immunodeficiency. HIV Infection, graft wsus host 
disease, and • variety of malignancies). Furthermore, in addition to 
being readily totaled, lymphocytes may be expected to be long-lived 
on return to the recipient and therefore can potentially provide Init- 
ios, benefit! b chronic disorders. Ttui*. lymphocyte gene tranifer pro- 
• vldcs an Imporum model for |cne thcropy. and continues to be de- 
veloped for many dlionkrs. In September 1 990, the flrM human gene 
thcrtpy trial Vrlth ther* peutk potential began. The ft* vivo gene trans- 
fer of adenosine deaminase (ADA) gene Into (he lymphocytes of a 
child with whit b normally t lethal deficiency of this cniymc wai 
earned out at the National Institutes of Health (Anderson et aL I990X 
The resutu of this trial. «h!ch ore yet to be published In detail, were 
encouraging and have ipavned the development of many new gene 
therapy trials, 

The majority of gene therapy trials under way are for 
the tmlmenl of acquired disorders such os AIDS, malig- 
nancies, and cardiovascular disease, rather than diseases 
arising from single gene defects (Table 5-1). The applica- 
tion of gene therapy to acquired disorders has proceeded 



faster than applications for ilngte-genc defects for several 
reasons. Principle among these reasons Is that the long- 
term gene expression (months to years) that is likely nec- 
essary to treat genetic diseases has been difficult to achieve. 
The availability of a large pool of candidate patients with 
severe and immediately life-threatening acquired disorders 
(most notably cancer and AIDS) provides a clinical setting 
to develop new strategies for DNA delivery that may be 
.applied later to Inherited disorders. In contrast to the In- 
herited diseases where a genetic defect has been well char* 
actcrixed, in most applications of gene therapy to acquired 
illnesses, the molecular basis of the disease is less well un- 
derstood. Raiher than correct a Known underlying defect, 
the approach has been to add new molecular functions that 
•re capable of altering the course of the disease, or to block 
in existing function, rather thon correct an underlying de- 
ficiency. 

General Considerations in Gene 
Therapy 

Inherited Disorders. The insertion of a new gene that 
ultimately corrects a deficiency requires that the new gene 
product is present In sufficient amounts to achieve a ther- 
apeutic effect. The level of protein function necessary to 
achieve compkroenlalron of the defect varies widely 
among genetic diseases. OFlcn this can be estimated from 
clinical observations comparing the severity of the disease 
with the extent of deficiency. This is seen in the hemo- 
philias, where the extern of bleeding complications is 
roughly proportional to the extent of the deficiency. Such 
estimates are not possible in other disorders such as cys- 
tic fibrosis, where the amount of cystic fibrosis transport 
regulator (CFTR) gene expression, in the airway. and in 
other epithelial cells, necessary lo achieve therapeutic ben- 
efit is not known. Here, the severity of the illness correlates 
with the type of genetic defect, rather than with the level 
of protein expression. These Issues become more compte* 
in diseases where gene expression must be carried out in 
a highly regulated fashion. One such example is the the- 
lessemias, which arise from defects Sn the synthesis of ei- 
ther the a or 0 chain of hemoglobin. Excessive production 
of either tubunil chain by an unregulated therapeutic gene 
transfer could be as harmful as the disease itself. 

Acquired Disorders. Mechanistically, gene therapy for 
acquired disorders is potentially more flexible, In terms of 
the inserted DNA. than gene therapy for inherited disor- 
ders. In inherited disorders, a single defective gene that 
causes the disorder typically Is the subject of intcrvenilon. 
By contrast, in acquired diseases, either a defective gene 
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Therapeutic Gene Therapy TVIaU Approved by the Recombinant DNA Advisory Committee of the 
National Institutes of Health.* 



fROTOCOL TTTtC 



Cm Therapy or Palicnti with Advanced Center Using Tumor Infiltration lymphocyte Transduced with 
Ihe Gene Coding for TViinoi Necrosis Factor. 

lamunUstloo of Cancer Pwlents Using Autologous Cancer Cells Modified by Insertion of the Gene for 
Tumor Necrosis Factor (TNF) 

imnwnUallo© of Cancer Patients Using Autologous Cancer Celts Modified by Insertion of the Oene for 
feierlcukiA-2 (JL-2>. 

Em rfvp Gene Thaapy of Familial HypercholesirruJeirda. 

Treatment of Severe Combined Immune Deficiency (SCID) Due to Adenosine Deaminase I ADA) Deficiency 
wWi Autok» C uui Lyitirroiicytc* Transduced vrftti liw l.lumaa ADA Gene: An Experimental Study 
Immunotherapy of Malignancy by lit rtn* Oene Transfer into Tunmo 
Cent Transfer for ihe Treatment of Cancer. 

Cew Therapy for Ihe Treatment of Recurrent Glioblastoma Multiform* with in rfiv Tumor Transduction 

with Ihe Herpes Simple* -Thymidine Kinase Gcnc/Cancictovir System. 
A Phase I Study, In Cystic Fibrosis Patterns, of the Safely, Tbsieiiy, and Dintogicat Efficacy of a Single 

Administration of e Replication Deficient. Rccamblnopt Adenovirus Carrying the cONA of Ihe Normal 

Ifvman Cystic Fibrosis Transmembrane Cum duel once Regulator Gene In the Ung. 
Phase I Srudy of Cytokine -Oene Modified Autologous Neuroblastoma Cells lor Treatment of Relapsed/ 

Refractory Neuroblastoma. . 
Out Therapy for the Treatment of Brain Tumors Using ImrvTumorel Transduction with the Thymidine 

KUast Oene and tntravcnovi Ganciclovir 

InMiimlxalion with HLA-A2 Maielied Allogeneic Melanoma Cells thai Secrete latcrlcufcln-2 In Patterns 
with Metastatic Melanoma. 

ImmuaUatiori with lnicrleuMa-2 Secreting Allogeneic lflA-A7 Matched Renal Cell Corclnoma Cells in 
Patients wfth Advanced Renal Cell Carcinoma. 

CfcakaJ Protocol Ux Modification of Onct»gcne nnd Tt\tnor Suppressor Ocnc Eapreulim In Nun-Small Cdl 
Lang Cancer (NSCLC). 

Geoe Thertpy Of Cancer: A Plica Study of IL-4 Oene Modified Antitumor Vaccines, 

Oene Thexipy of Cynic Fibrosis Ung Diseases Using 61 Deleted Adenoviruses: A Phase I Trial. 

Cyufc Ftbrosli Oene Therapy Using an Adenovirus Vector. In Wro Safety and Efficacy in Nasal Epithelium. 

Phase I Study of Non- Replicating Autologous Tumor Cell Injections Using Cells Prepared With or Without 

Cranutecyte-Macrophage Colony Stimulating Koctor Oene Transduction in Puiienls with Metastatic Renal 

Cdl Carcinoma, 

AdmlnUtrailon t»f Neomycin Resistance Gene Marled EflV Specific Cytulusie T l.yiupyhocyies in Recipients 
of Mwnetdtcd- Related or Kficmnypicolly Similur Unrelated Dmwr Marrow Oralis. 

A Phase > Study of Ocnc Therapy of Cynic Fibrosis Utilising a Replication Deficient Recombinant Adenovirus 
Vector to Deliver the Human Cystic Fibrosis Transmembrane Conductance Regulator cDNA to the Airway*. 

Gene Therapy for Cyslre Fibrosis Using El Deleted Adenovirus: A Phase I Trial In Ihe Nasal Cavby. 

A Phase I Trial of Human Oamma Interfcron-TnjniUuceu Autologous Tumor Cells la Potienls With 
Disseminated Malignaol Me b noma, 

Use of Safety-Modified Retroviruses to Introduce Osmotherapy Resistance Sequences Into Normal 
Itematopolnic Cells for Cite rnoprotcct Ion During the Therapy of Ovarian Cancer: A Pilol Trial. 
Imtauwherapy for Cancer by Direct Ocnc Transfer Into Tumors 

Gent Therapy for Gaucher Disease: £i w**> Oene Transfer and Autologous Transplantation of C0344 Cells. 
Retroviral Medio led Transfer of the cONA for Human Giucocerebrosidaie into Hemotcpolctlc Stem Ceils 
of Patlenu with Gaucher Diseaie. 

A Preliminary Study lo Evaluate the Safety ond Biologic Effecti of Murine Retroviral Vector Encoding 
'» v -> Genes |H1V-IT(V|] In Aiymptonmic Subject s Infected with MIV-l. 

*Ttw prolncnls'liitcd were approved 
• GVrr JTrrngrjn, 
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Table 5-1 

Therapeutic Gem Therapy Trial* Approved by the Recombinant DNA Advisory Committee or the 
NaUonaJ ImUtutej of HealUi/ (Cotubitud) 



W 
Th 
No 



PROTOCOL TTTUJ 



A Molecular Ocactic Intervention for AIDS — EJTecu of • Tiwlonilnom Negative Form of Rev. 
Otoe Therapy for Ore Treatment of Recurrent Pediatric Malignant Astrocytomas with to Ww Tumor 
Thm^acUoa with th» Hopes Slmptex-ThyrnUBnc Kinase Ocue, 
Humn MOR Oeoc Transfer \a Patients with Advanced < 



Ocne Therapy far Hansen Bruin Tumor* Using Era'somc-Bsscd Aallscnjc cDNA TreoscHptioa of Insulin- Like 
Ofuvrtfa Factor L 

ImAoahjUon of Mellgntof Meisnoms Patients with Interleukin 7-$ecretlng Melanoma Cells Expressing 
Defined ADogeaelc Histocompatibility Antigens, 

Retroviral Mediated Transfer of (be Human Multi-Drug Resistance Gene (MDR-I) Into Hcmalopolcsic Stem 
Cells During Autologous Traa*piani»i!oQ aftof Intensive Chemotherapy for Breast Csneer. 
Gene Therapy for Recurrent Pedislric Brain Tumors. 

A Phase I CHnlcal Trial Co Evuluite the Safety tad Effects In HIV* I Infected llumani of Autologous 
Lyuxpbocyit* Transduced with • RJbozynvs that Cleaves HIV- 1 RNA. 
Oenetlcally Engineered Autologous Tumor Viccincs Producing lntcrieukln-2 for the Treatment of 



Intrathecal Oene Therapy for the Treatment of Uptomenlngeal Carelnomatosla. 
Injection of Goto Cajcmoms Patients with Autologous Irradiated Tumor Cells and Fibroblasts 
Genetically Modified to Secrete later fcukln-2. 

Retro vWMedisud Transfer of the eDNA for Mum to piucraicbrosldase Into Peripheral Blood 
Repopolallng CeUs of Patients with Osucher's Disease. 

Ao Open Label, Phase 1711 Clinks! Trial to Evaluate the Safety and Biological Activity of HIV-IT (V) 

(HIY I HBenv/RcUoWrel Vector) in HIV* I infected Subjects. 
A Phase I Trial of B7»Trenifcctcd Lcthelly Irradiated Allogeneic Melanoma ail Una to Induce Cell 

Mediated Immunity Agibst Turnor-Assoclated Aollgcra Presented by NLA- A I in Patrons with Stage IV 

Melanoma. 

Phaso I Study of Immunotherapy of Advanced Colorectal Carcinoma by Direct Oens Transfer Into Hepatic 
Metastases. 

Adoptive Immtmotherapy of Meianoms with Activated Lymph Node Cells Primed tn »ivo with Autologous 
Tumor Cetb Transduced with the IL-4 Oene. • 

Gene Therapy for Cystic Fibrosis Using Caiioalc Liposome Medisted Gene Transfer A Phase I Trlsl of 
Safety tad Efficacy to the Nasal Airwiy. 

Adcootlnis44tdist«d Oene Truss fer of CFTR to the Nasal Epithelium and Mi* Mary Sinus of Patients with 
Cynic Fibrosis, 

A Phase I Study ef Immunisation with Oamma Interferon Transduced Neuroblastoma Cells. 
A Phase VII Pilot Study of the Safety of the Adoptive Transfer of Syngeneic Oene- Modified Cytotoxic 
T-Lympfescytes Id HlY-lnfecled Identical Twins. 

Expression ©f w Baogenously AAnlnisterxd Homan Alphn-I-Aoutrypsln Gene io the Rcspiralory Tract of 
Humsm. 

Phase I Study of Immunotherapy for Metastatic Renal Cell Carcinoma by Direct Oene Transfer Into 
Metastatic Lessons. 

Phase 1 Study of Immunotherapy of Malignant Melanoma by Direo Ocne Transfer. 
Phase. | Trial of a Polynucleotide Augmented AaU-Tumor Immunisation of Human Cajttnocsstbryoale 
Antigen io Patients with Metastatic Colorectal Cancer. 

Clinical Trial to Assess the Safely, Feasibility, and ElTicacy of Transferring a Potentially AnU-arthritic 
Cytokine Gene to Human Joints wlih Rheumnold ArthHUs. 

Use of Safety -Modi Red Retroviruses to Introduce Chemotherapy Resistance Sequences into Normal 
Hematopoietic Cells for OemoprotectJon During the Therapy of Breast Cancer; A Pilot Trial.. 



Ihe protocols listed were ip proved through Augull, 1994. Detailed protocol) for (hue clinical trials 
. Cow Thtnpy, 
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Tpble 5-1 

Thcrepeuilc Gene Therapy Wals Approved by the Recombinant DNA Advisory' Committee of the 
National Insti tutes of Health/ {Continued) 

worocec trae 

* Retroviral Modeled Ocnc Transfer of Ihc F&nconl Anemia Complementation Group C Gene 10 
Hematopoietic Progenitors of Oroop C Patients, 

Ginlcal Protocol for Modification of Tumor Suppressor Gene Espreision end Induction of A porosis in Ken- 

Smell Cell Un| Cancer (NSCLO with en Adenoviral Vector Expressing Wlldtype P 53 end Cisplatln. 
infection of Glioblastoma Patient* with T^mor Cells Ocnetkilly Modified to Scetete lntcrteukln-2 (IL-3); 

A phase I Study. 

IL-3 Gene Therapy Using Direct injection of Tumor with Genetically Engineered Autologoul Fibroblast, 
rtiase l/lt Study of Autologous Human GM-CSf Gene Transduced Prostate Cancer Vaccines In Pittcnts with 
McusuMe ProstDtc Carcinoma. 

"Tin proton* lined were approved through August, 1994. Detailed protocols for these clinical triolt are published In ihc monthly joints! Human 
(Unt rhtrapfi. 
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that directly contributes to the disorder, or o gene thai me- 
diates art unrelated biochemical process, may be the basis 
for intervention. This diversity of approaches in treating 
acquired Illnesses is illustrated In lite gene therapy stran- 
gles that have been proposed for treating AIDS and vari- 
ous cancers. Treatment of HIV infection potentially could 
rely on the interruption of viral processes (hoi directly con- 
tribute 10 the pathogenesis of AIDS. This could be achieved 
by several .means, including inserting a gene that produces 
antisense niRNA, catalytic R.NA (riboiymes), or a domi- 
nant negative mutant protein. 

Vaccination. Gene transfer-mediated vaccination has be- 
come a rapidly expanding field and is applicable lo the 
treatment of both noninfectious and infectious diseases. 

KttcfeoaVa Agolnrf fioninjtalmut D/ieare*. Gene therapy for 
neoplastic diseases Includes effort i to engineer an Immune response 
la tumor eelti. The Idea that tumor cells can be used to elldt.ao an- 
titumor Immune response Is founded b rare clinical observations of 
ipoauneoua tumor rcgresilon, the fact that some tumors art mort 
common In immunocompromised hosts, and Ihe discovery of tumor- 
associated antigens on many different tumor types. The general strate- 
gies proposed Include transducing autologous tumor cells (or tumor 
infiltrating lymphocytes) to secrete o specific cytokine (e.g., tumor 
necrosis factor, lnterlcufcio-2. lnterteukin-4, interferon gemma, nr.), 
inducing tumor cell expression of a strong rejection antigen (e.g., it* 
logeoele major histocompaiibiiiiy or.MHC molecules), and Inducing 
lamer cell expression of lymphocyte costlmulotory molecules U g - 
B.M). Several of these epproeches have retched the sligc of Clini- 
cs) trials, but the dots from these phut I studies are limited ond in- 
sufficient to indicate their therapeutic effectiveness (for reviews of 
this topic tee Mabel <f qL 199*1). 

• tberfoairoff Against tnjtcihvt Distant. The use of gene transfer 
.to uimutatc Immunity to Infectious agents also Is under Investigation, 
Insertion of DNA siprtneu Out encode ley antigens from patho- 



genic agents (svhunit vaccines) would allow for the cellular synthe- 
sis end presentation of these antigens in a'manncr that physiologically 
mimics their presentation during Infections, without the risks of ac- 
tual ciposure lo the pathogenic orginism.Thli could hsv* significant 
implications fa (he development of an HIV vaccine where the safety 
Implications of a live, aiicnuaicd HlV vaccine are awesome. 



Ohslncles to Genu Therapy 

The therapeutic applications of gene transfer technology 
increase with each discovery of a new cellular process. At 
present, our ability to develop clinically efficacious thera- 
pies from scientifically sound principles is limited by sev- 
eral problems that, lo some extent, plague all gene Iherapy 
strategies. For ihe foreseeable future, gene therapy ii lim- 
ited to somatic ceils (nongerm-Jine cells). How these cells 
in a given tissue are targeted by the DNA delivery method 
ho s been an area of intense Interest. Once the gene has 
been successfully transferred, the duration of trarugene ex- 
pression becomes important. Finally, the ONA vector it- 
self must be analyzed for Its potential lo cause unwanted 
side effects (Jolly, 1994). 

DNA Delivery and Pharmocoklnellcs. The delivery of 
exogenous DNA ond Its processing by target cells require 
the introduction of new pharmacokinetic paradigms be- 
yond those Ihot describe the conventional medicines in use 
today (sec Chapter I). With in vivo gene transfer, one must 
account for Ihe fate of the DNA vector itself (volume of 
distribution, rate. of clearance into tissues, ere), as well as 
for the consequences of altered gene expression and pro- 
tein function. A inulticompartinentol model lo describe 
these events in a quantitative fashion has been developed 
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(Led ley and Udley, 1994). Processes that must be con- 
siuVrcd include (he distribution of (he DNA vector follow- 
ing in Hvo administration; (he fraction of vector taken up 
by the target eel) population; the trafficking of the genetic 
material within cellular organdies; (he rale of degradation 
of the DNA; (he level of mRNA produced; the stability of 
(he mRNA produced; the amount and stability of (he pro- 
tein produced;. and the protein '• cornpartrrtcntalization 
within the cell,- or its secretory fate, once produced. It U 
conceivable, although yet to be realized, that each of these 
events may be incorporated Into the design of the gene 
transfer system in a rational way so as to tailor the gene 
transfer to the specific requirements of the disease being 
treated. 

DumUon of Expression of Transferred. Gene. The 
length of time over which the transferred gene will func- 
tion Is of tremendous importance. In the treatment of in- 
herited diseases, it would be deilrable to have stable gene 
expression over many yean. In contrast, in the treatment of 
■ malignancy, it is possible that the long-term production of 
the therapeutic protein could have deleterious conse- 
quences. Durable gene expression has yet to be conclusively 
demonstrated by any of the human trials to date, but this 
relates as much to the short term of follow-up as to exper- 
imental design. Vectors that integrate the transferred DNA 
into the chromosomes of the recipient cell have (he great* 
est potential for long-term expression. Retroviral vectors 
and »dc no- associated viral vectors have integrating func- 
tions. The persistence of the transgene DNA in Hie DNA 
of the recipient cell does not, however, guarantee long- ten n 
gene expression In that cell. The production of the Intended 
mRNA and protein may decline due to inactivation of (he 
(ransgenc promoter even though the DNA persists. In some 
circumstances, loss of transgene expression may occur due 
(o loss of the Iransduced cell by host Immune processes (see 
Jolly, 1994, for detailed discussion of this Issue). 

Adverse Consequences of Heterologous Gene Expres- 
sion. Along with factors that limit gene transfer and ex- 
pression, there is a growing list of adverse consequences 
that may arise as a result of successful gene transfer. As 
. with any new drug, It will be impossible (o predict these 
events in advance of more clinical -experience. Nonethe- 
less, some specific event* can be anticipated independent 
of the transgene employed. Because, in most circum- 
stances, gene transfer will result in the synthesis of o new 
protein, the possibility of an immune response must be con- 
sidered A severe immune response could inactivate a se- 
creted product (as is seen in hemophilia patients receiving 
factor VI 1 1, replacement therapy) or lead to an "autoim- 



mune" response to transduced tissues. In some circum- 
stances, (he DNA vector itself may be Immunogenic, as 
has been demonstrated for adenovirus vectors. An immune 
response to the vector may preclude its readministratton or 
limit the duration of its effectiveness. 

Pathological events may arise from viral vector repli- 
cation. Significant efforts hove been directed toward the 
design of viral vectors (hat are Unable lo replicate (repli- 
cation-Incompetent) In the target cell. This has been 
achieved by (he deletion of specific genes from the viral 
genome that are necessary for viral replication (Miller et 
at., 1993; see abo legends lo Figures 5-1 and 5-2). In or- 
der to produce (he virus, it must then be grown in vitro In 
a cell specifically designed lo provide those fund Ions re- 
moved from (lie virus. By these means, rep I kit I on-defec- 
tive retroviruses, adenoviruses, tde no-associated viruses, 
and herpes viruses have been produced. This approach does 
not completely eliminate replicative potential in all cir- 
cumstances. The virus may overcome the deletion of repli- 
cation machinery by the use of unidentified host cell fac- 
tor! or by recombination in the patient with wild-type 
viruses. Fortunately, In the limited patient experience (o 
dale, these events have not been reported. 

Ethical Issues 

As with any new technology, much attention has been di- 
rected toward ethical issues of gene therapy. Marty of these 
issues are common lo oil new and expensive forms of med- 
ical treatment, such as who will have access to the ther- 
apy, and who will pay for it. The perception that this tech- 
nology could be used for gemvliue genetic engineering has 
spawned much discussion as well (Neel, 1993). Also of 
concern is the possibility that gene transfer techniques 
would be used for "frivolous* purposes such as cosmetic 
alterations. While these Issues likely will be topics of con- 
tinued debate, they, at present, deal with very untike|y 
events. For example, gene transfer into gcrm-llnc tissues 
lo prevent future generations of affected children would re- 
quire "prophylactic" treatment of prospective parents. 
Since the risk of having an aiTecied child in the vast ma- 
jority of cases is either one In two (autosomal dominant 
disease), or one In four (autosomal recessive disease), and 
the treatment will be neither without risk nor 100% effec- 
tive, it b unlikely (hat any reasonable parent would sub- 
mit to such a procedure. Even If there were successful in- 
troduction of a new gene during the process of in vitrv 
fertilization, it is unlikely that the corrected phenotypc 
would persist for more than one generation. The hew gene 
would have to be Inserted into the same- chromosome (23 
to I odds against this), and in close proximity to the dc- 
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fcctive gene (fOO (o I oddi against this), so that the new 
gem would be tightly linked to the defective gene. Alter- 
ation of norma) characteristics is'even more farfetched, as 
we have only a primitive understanding of the many fac- 
tor! that control physical appearance, personality, intelli- 
gence, and physical ability, and (he genetic contribution to 
these characteristics. 
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The ideal DNA delivciy system would he one Ihul could 
x com mod aic a broad size range of Inserted DNA,' was 
available in a concentrated form, was easily produced, 
could be targeted 10 specific types of cells, would not per- 
mit replication of the DNA, could provide long-term gene 
expression, and wos nontoxic and nonlinmunogcnic. Such 
a DNA delivery system' does not exist, ond none of the 
available technologic* for fir Ww gene transfer is perfect 
with respect to any one of these points. As of 1995, three 
gent transfer systems (retroviral vectors, adenoviral vec- 
tors, and liposomes) had been used In human gene therapy 
trials, with a totol clinical experience of a few hundred pa- 
tients worldwide. Consequently, the following discussion 
will highlight conceptual strategies and issues to be refined, 
rather than clinical experience. 



Vinil Vectors 

The natural life cycle of mammalian viruses has made them 
a bgicel starling point for the design of therapeutic gene 
transfer vehicles, because viruses all transfer and express 
exogenous genetic material during infection. In the sim- 
plest analysis, a virus consists of genetic materia) encap- 
sulated in a particle that con be taken up by the torget cell, 
leading to the expression of vtrolly encoded genes. For. vi- 
ral vectors to be useful, several viral functions must be al- 
tered. At a minimum, the virus must be rendered replica- 
lioo-ineompeient to prevent uncontrolled spread of the 
transgene ond must have some element of its own genome 
removed to nllow for Insertion of the t runs gene. Beyond 
this, additional modifications ore dependenl on the specific 
virus. Virol vectors have been used extensively in preclin- 
ical research and are the bails for the mojorlty of gene ther- 
apy clinical trials now underway. 

Retroviruses. Retroviral vectors have had the greatest 
clinical use so for and offer the potential for long-term ex- 
pression from a stably integrated transgene. They lack Ir- 



relevant and potentially immunogenic proteins, ond iliere 
Is no preexisting host immunity to the vector. Their appli- 
cation, however, U HmMed <o dividing cells. Large-scale 
production is .technically possible, although purification 
and concentration potentially are problematic due to the in- 
stability of the virus. Several safety issues have been raised 
but have not as yet been supported by clinical experience. 

Retroviruses were first described for gene transfer epphVetioos 
In 191 1 and fust utilised In clinical trials In 1989 (Rosenbcr| rf ot.. 
1 990). Retroviruses arc cotnposed of an RNA genome thai U pack, 
aged In an envelope derived from host cett membm*e ami viral pro. 
teiiu. For the retrovirus to- effect gene csprcsstan, it muit firat re- 
verse Irwucribo it* ranutivc-Hrnnd UNA genome t«Ho dmihlc-ttrundcd 
ON A, which N llicn Integrated Ink) llw host cell DNA. This proeem 
it mediated by icvtrsc transcriptase and Integrate proteins contained 
in the retrovirus particle. The Integra ted provinjj U obte to use host 
cell machinery to carry out transcription of viral mRNAs and their 
subsequent processing and traiulation Into vtral proteins. The virus 
completes its life cycle by syntbesUlng new posiirvc-strMd RNA 
genomes from the Integrated provlrus. An encapslditlon signal \4>) 
within the RNA mediates the organisation or the vtral genomic RNA 
and protein* into panicles that bud from the cell surface. 
Oislgn of ihe Rttrvtirat Vtttor. The genomic orgonitalion of retro- 
viruses is simple, and this property facilitates hi manipulation iMo 
vectors for use in. gene therapy. The murine leukemia virus end its 
congeners are the most widely used retroviral vectors (Miller «t nl.. 
1993). Retroviral vectoas are constructed from the proviral form of 
the virus. The gng. put, and tm genes ore removed to make room for 
the genets) of therapeutic interest and to criminate the rcplicstive 
functions of the virus {stt Figure *-l for a strairgic overview). Up 
to 8 klloboscs of heterologous DNA can bo incorporated Into the 
retroviral vector. Because all virally encoded mRNAs are eliminated 
from the recombinant rttrovirua, no viral proteins are produced by 
retroviral vectors. This removes any potential viral-encoded antigens 
thai might lead to ait Immune response to die transduced cells. Along 
with the gcstc of therapeutic inlcrnl. genes encoding antibiotic re- 
sistance often arc Included in the recombinant retrovirus as a means 
of selecting the virus-harboring cultured cells ex who. The bacterial 
gene for aminoglycoside-)' -phosphotransferase, which confers re- 
sistance to kanamycln, neomycin, and geoeitctn, snd the gene for by- 
groraycln & phosphotransferase, which' confers resistance in by- 
gromycln. ire two such examples of antibiotic resistance genes 
Introduced into retroviral vectors for gene therapy. The presence of 
an anlibitMlc rest stance gene facilitates isolation of the recombinant 
retrovirus and subsequent determination of virus liter. Sequences con- 
taining promoter arid enhancer functions also mty be Included with 
ihe iransgeoc to facilitate lis efficient expression and. In some cir- 
cumstances, tu provide fear (issue-specific expression after adminis- 
tration fa Wiw. Alternutlvely, the rjrnmoter end enhancer functions 
contained in the long terminal repeal of Ihe virus may be used for 
this purpose. 

Packaging Ctll Una. After deletion of the genes encoding viral 
structural proteins and proteins that mediate viral replication, these 
viruses can be produced only In specially engineered viral packag- 
■ Ing cell lines that ore capable of providing these proteins (sr« Fig- 
ure 3-1). The packaging cell tine is optimally constructed by sta- 
bly inserting ihe deleted viral genes (gag. pot and *ti¥) into the cell 
In such a manner thai these gents will reside on different chiomo* 
sotnes within the packaging cell, This strategy ensures thai recnm- 
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Figure 5-1. Retro rtrus+mediaicd gen t tramftr. 

A. OvttilJ ilrategf oT rctrovlt il production. RcpllctUon dcfecUvo rcUovirui vcciort ire produced from 
• helper cell lhal It engineered to provide viral function* (DNA) which have been removed from the v|- 
hjj. The gag (0), poi <P), and env (B) DNA sequence* trc cloned Into DNA plaxrnJdi which tie 
then (reinfected into the helper cell to produce ihe packaging etlL Packaging celb ue ibtt to produce 
Oit gig. pal, «nd envelope proteins required for retroviral replication. A piasmld «mUlnln| recoraWnent 
provlrsl DNA, but !»cling gag, pel end em genet, b tranafected Into the packaging cell line lo create the 
producer celt which contains ill of the molecule/ machinery necessary to reproduce the recomWDsM retro- 
tiros that b secreted Into the Ussue.culiure medium. Only the recombinant pro viral sequence la packaged 
Into the retroviral. Became the recombinant retrovirus does not contain the gag. poi and cm* genes, cells 
thai this replication-defective recornblninl retrovirus In recti cannot produce additional virions. 

B. Espreulon of gene of intcresl in target cell following retrovirus -mediated UNA delivery. 
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binatton of these genes b highly unlikely, to the absence of reck a 
recornolocJloo, h b Impossible to produce 00 Intact viral genomic 
ANA that could be packaged into • replication <orn4>cterri virus. 
The packaging cell line ii used lo construct s retroviral product* 
cell Hot lhal wiR generate rt^kollon-defectlve retrovirus corUoin- 
ing the genc<i) of Intcrcsl. This If done by Inserting the recombi- 
ninl previral DNA bio the packaging cell line. The recombinant 
provirst DNA It In the form or pUimJd DNA containing she long 
termlaet rcpeei sequences (Unking 0 small portion oftbe gag gene 
lhal contains the encipsidatloo sequence end die genes of interest, 
ThU b trensfeocd buo the packaging cdl Mne using eny-nombcr 
of standard techniques for DNA transfer and eplekc (eleciroporo- 
(loo, ctJcrom predpMoe, etc.). Sever ol versions of this bask de- 
. sign have been employed 10 decrease (he likelihood of recombinant 
events that could lead to the production of replkatlon<ompeteni 
vims (Jolly, 1994). Additional modifications hove been employed 
to niter the host cell range of the virus. This li determined to a large 
extent by (he envelope gene (mv). The Moloney murine leukemia 
virus eovctopc Is ccouoplc, which means that Infection Is restricted 
to (he exit* of a particular species. In this ease moose. A a envelope 
tflosdkg « broader Wee I loo mage U available by using the tn» 
gem from the 4OT0A sirsJa of murine leukemia virus. Thb enve- 
lope gene bss imphotroplc specific ily and can promote the lefcc- 
ttoo of human, murine, end other mammalian cells. Env genes with 
tpcclftcttks that estend the host range to nonmemmalbn celts also 
ore avaisaMe. fi/TorU to design new iigands Into the envelope pro- 
tein have met with limited access, as the virus produced often Is 
of low tiler. Nonetheless, lbs ability lo specifically target the virus 
by redesign of lis molccoler structure is an Important goal and un- 
doubtedly will receive snore attention lo the future. 
Clinical AdminUtrwtbn oj Rttrofirmti. The clinical administra- 
tion of retroviruses has been accomplished by the sur vivo transduc- 
tion of patients' cells, by the direct mjccikw of virus Into tissue, am) 
by the administration of Ihe retroviral produces cells. 

£j Vim Gnu Transfer. The ex vivo approach has been most widely 
employed ta human clinical trlab. Although cumbersome In that M 
requires the isolation and maintenance In tissue culture of the pa- 
ticat's cells, h has the adyantige thai die eaten! of gene transfer can 
be quantified readily and a specific population of cells can bo tar- 
geted. In addition, a M|h ratio of viral panicles to target cells can be 
achieved and thus improve the transduction efficiency. This approach 
was used to modify lymphocytes ( Anderson rr of- 1990; Rosenberg 
rr of, 1990; Culver el of, 1991) and hematopoietic, cells (Nlenhuls 
<i of.. 199 IX In the treatment of adenosine deaminase deficiency (An- 
derson at of., 1990), in (ho treatment of nypcrlipidemla (Grossmen 
rr it., 1994) (*<#* flgorc 5-4. below), and to express Immune mod' 
olstory agenti in tumor cells (Lotze ct of., 1992; Lolze, 1993; Loire 
rr of, 1994). 'dearly,, not all potential disease applications arc 
smcrubk to er v/vo fene transfer, as the removal and culture of pa- 
dent cells may not be technically possible. In ruch circumstances, 
direct tmroductlon of the virus In vf vo is necessary, 
fit Hw Gene Transfer; Retroviruses are being tested as potential 
agents to treat brain tumors which, in many drcurru lances, are rela- 
tively inaccessible. Here, the inherent ability of a retrovirus to trans- 
duce only dividing cells (tumor oclb) and leave noodl vldlng cells 
(normal brsio parenchyma) untouched may be particularly advanta- 
geous. Although (he direct stereotactic Injection of recombinaoi retro- 
' viral into (ha target llatue U possible, the efnelcncy of gene transfer 
generally b very low. ' 



Several factors contribute to the Inefficiency of retroviral gene 
transfer (a vivo. Retrovirus preparations ere relatively dilute com* 
pored with other vectors, typically wkh 10* to 10* pi eqec forming 
units per milliliter. Foxthcrmorc, the virus can transduce only divid- 
ing cells, and within the target tissue only a small fraction of cells 
may be dividing In the lime lote/vol between virus Injection end t bus 
cha ranee. Thus, even with a large esceaa of vtrus. only ■ fraction of 
the eelb are effectively transduced, lb overcome these difficulties. 
Old fie Id and colleagues ( 1 995) proposed the administration of a retro- 
virus producer ceil line directly Into pat tents' brain trsrnors using 
• stereotactic Injection. Their hypothesis was that (he murine producer 
cell would survive within the brain tumor for a period of days, and 
that over this time period would secrete retrovirus capable of trans- 
ducing Ihe surrounding brain tumor. Studies are In progress In a lim- 
ited number of patients using virus carrying the herpes virus thymi- 
dine kinase |ene. This gene renders the cells susceptible to editing by 
the svstemicstly administered antibiotic ganciclovir, which b me- 
tabolised to a eylotoale metabolite by thymidine kinase. Several im- 
portant Issues will need to be addressed before this approach gains 
widespread acceptance The ability of the virus to diffuse hum the 
producer cell to nouncighbodnf rumor cells Is not yet well quanti- 
fied. If the area of transduced lomor ceDs Is small, tumor cells lying 
In microscopic cords of tumor kfirtrailng normal brain might go un- 
Ocated. Also unknown la whether an I mora no response to the xeno- 
geneic producer cell line precludes subsequent ret/eatmcni of resid- 
ual tumor. This win be very important given that, over the time of 
virus secretion, aril tumor cells may not be actively dividing, and 
therefore soms cells might go unscathed. Serial trcatrncoU. a* In con- 
ventional chemotherapy, might be required to. achieve complete tu- 
mor eradication. Toe results of clinical trials now under wa/ and sub- 
accjucnl studies may answer these questions. 
54/"/ 0/ RtUrQtiral YtxUtr Strattgl**. The use of retroviral vec- 
tors has raised several Important safety issues. One concern la that 
because the virus Integrates Into the target cell chromosomes (en at- 
tractive feature for long-term expression) and because Integration oc- 
curs In a nearly random fashion, integration could be mutagenic. For 
cs ample, under Ircd mutations might occur If Insertion of the retro- 
viral DNA altered the function of ■ cell growth regulating gene. Al- 
though repllcslbn-compctcnl retroviruses have tumorigenle poten- 
tial, this baa not been observed with the rep Ik a lion-defective vectors 
. that arc In use as gsne transfer agents. Additionally, this has not been 
observed In any pollen is who have received retroviral gene therapy. 
However, the number of patients studied to dale Is too few and their 
follow-up too short for current clinical experience to be extrapolated 
to long-term safety 

Demonstrating that retroviral agents are free of replication-com- 
petent virus is of paramount Wnporunctt. Rcpllcadon-oompcteot virus 
could arise by several means, As noted earlier, recomblaatloa of the 
retroviral genetic elements Inserted Into the packaging cell line Is ex- 
csedlngly unlikely. Recombination with Other retroviral genomes Is, 
however, theoretically possible, There exist homologous endogenous 
retroviral sequences within (he mouse cell lines used to create pack* 
aging cell, lines. The use of dog- or human-derived packaging cell 
Unci that are free of such sequences has been proposed (foDy, 1994). 
Recombination with retroviral sequences la the target ceD h theo- 
retically possible. Wild-type murine retroviruses, from which genetic 
vectors are derived, do not tafect human cells. Therefore, It is un- 
likely that a wlldHype virus could Infect the same urge! cell and lead 
to rescue of the defective retroviral vector. However, there do eaist 
endnuenrnii retroviruses lo all human lisauc (HBRV-K retroviruses) 
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th« hart low-level homology to the retroviral rectors. U b very u> 
UkelyThstUili type of recwbJaeitoa would occur with sulfidcm fre- 
quency lo Iced to clinically ilgniOcsr* adverse outcome*. In use fi- 
nal enalyils, (he safety of (hoe end other vector! must bt determined 
by direct duucal experience and uSelr safety weighed against their 
therapeutic benefits. 

Adenoviruses. Over 40 serotype* of human adeno- 
viruses arc known, and many onimtJ adenoviruses have 
been characterized to varying degrees. The clinical spec- 
trum of human adenoviral Infections U welt described {see 
Horwltz, 1990). Infections Involving the respiratory tract 
are common and typically selMlmlled in normal hosts. 
Gastrointestinal, urinary, hepatic, and CNS infections oc- 
cur sporadically. Most, if not all, adults have prior expo- 
sure to adenovirus and are seropositive for an U adenovirus 
antibodies when tested by sensitive methods. In the United 
Slates, military recruits specifically are vaccinated with a 
polyvalent adenoviral vaccine to prevent outbreaks of res* 
plralory infections (Rubin and Rorke. 1994). In contrast to 
the retroviruses, these larger, nonenvetoped viruses possess 
a double-stranded DNA genome, ind replicate independent 
. of host cell division. 

Adenoviral vectors possess several attractive features 
that have encouraged Iheir development for clinical use. 
They are capable of transducing a broad spectrum of hu- 
man tissues, including respiratory epithelium, vascular en- 
dothelium, cardiac and skeletal muscle, peripheral and cen- 
tral nervous tissue, hepatocytes, the exocrine pancreas, and 
many tumor types. Exceptionally high levels of gene trans- 
fer and transgene expression can be obtained in dividing 
and nondividing cells. Several routes of administration can 
be used including Intravenous, inlrablliary, intraperitoneal, 
intravesicular, intracranial and intrathecal Injection, and 
direct injection of the target organ parenchyma. So far it 
has not been possible to modify the adenovirus to achieve 
a Ussue-speciflc virus. The multiple routes of administra- 
tion may overcome this deficiency by providing flexibility 
la targeting based on anatomical boundaries, 

Clinical trials using adenovirus have been lim iled to dale 
lo the ongoing protocols for cystic fibrosis, where the re- 
combinant adenovirus is delivered by aerosollzalion into the 
respiratory tract Studies using direct administration or ade- 
noviral vectors into the liver to treat inherited genetic defi- 
ciencies and into a variety of tumors likely will begin in the 
near future (see Ohno el oi, 1994, and Koiarsky el oL r 1994, 
as two examples of adenoviral gene therapy strategies). 

The genomic rlrvciunj of adenoviruses h more cwnptti than- thai 
of retrovinna. The adenoviral genome encodes approximately II pro- 
teins. Infection taXes place when the fiber protein, which citcndi from 
ihe Icouhedrtl capsld, bindi a eefl surface receptor. Subsequently, 
peptide sequence! In the penton bass port loo of the capsid cniote In- 



tcgrm receptor domains lo^.u or *&) on Ihe cell surface. This leads 
to vims latenulliatlon ita eodwonuJ pathways where she viral par- 
tide begins lo disassemble. The virus escapes Ike craiosotne prior to 
its ruslon with lysosomal eonawtments and thus avoids tfigeflioo. 
The vhml DNA b able u> enter the target cei noctcot and beg) a tran- 
scription of viral mRNA without cencrjmbani cell division. Although 
irtfegrttlon of vtral DNA hto dw host ceB genomic DNA c*n occur 
at Ugh level*, of Infection in oTvttmg celts, tab la a rclnttvciy Infre- 
quent eves* and docs not contribute lia^ficantly to She otUhy of these 
viruses aa vectors. Viral gene expression and replica** occur la an 
ordered fashion and ate driven b large measure by-the BIA end BIB 
genes In lac 5* portion of d» odeaovlrat genome, the EIA and EIB 
genes provide IrnassctJvauon fonctlons ror transcription of acveral of 
Uk downstream vtral genes [see Horwtu, I990X 

.Since dw El genes ore Involved Intknately In adenovirus icpll. 
eat Ion, their removal readers the virus reptJcattgn-lncompettni or, it 
the very least, severely crippled whh respect to replication. Due to 
the comptexhy of the virus, ll has been more ififTicuh to remove all 
adenoviral genes as is done WHn retroviral vectors. The cxpresiioo 
of ndenovlrat proteins, wish the currently employed adenoviral vec- 
tors, leads to both a cellular and a humoral Immune response to re- 
combinant adenoviral vectors. In some Instances, this may limit the 
utllhy of (his vector both In terms of host I mm urn; response lo ade- 
novirally transduced edit end with respect to ^administration of the 
vector. 

Doff if ofA4movlrvt ¥reton for Crne Thcrcpj. A h hough several 
adenoviral serotypes arc known, serotypes 2 and 3 have been most 
estemlvery used for vector construction. Adenoviral vectors can he 
constructed using one of several general approaches, A schematic di- 
agram outlining the basic elements of en adenoviral vector design ror 
gene therapy b shown b Figure 5-1 Belt and coUcogucs ( 1994) have 
developed an adenoviral type 5 vector system based on bacterial pliv 
mldi containing Ihe adenovirus genome with deletions of the 61 and 
63 adenoviral genes. Deletion of Bl renders ihe virus rcpfsrcilon-dc- 
fectrvc. la addition, all or part of the E3 region, wttlch b not essen- 
tial for vims function, b deleted la order to ercosrumxlatc the DNA 
Inserted Into the adenovirus genome. Genes of interest can be cloned 
Into the deletion regions, and the pJasmld vector can then be grown 
In bacterial cullurt- The purified plasmid DNA subsequently Is irartr- 
fecied into the 293 line of human embryonic kidney cells. The 293 
ceil line has been engineered to express Bl proteins and can thus 
transcon \ pisinent ihe El -deficient viral genome. The virus can be Uo- 
lated from 293 cell media and purified by limiting dilution plaque 
assays (Orahsm and Prevek, 1991). An alternative approach b lo pre* 
pare a plasmid containing the gene of interest, tanked by adenovirus 
. DNA jequcaccs. Trans feci I cm of due plasmid Into 293 cell* along 
with genomic adenovirus DNA with selected deletion* E3) bada 
to formation of adenoviral particles with the trsnagene rcplocing El 
genes by homologous recocnblnallon. It Is this strategy Ihst b given 
In detail In (Figure 5-2. Either direct cloning or homologous recom- 
bination can be used lo produce E I -deleted, repfleai lon-def rcilve sdt- 
oo virus. 

- Large amounts of the engineered adenoviral vector lystcm can 
be produced by growing Ihe recombinant virus in 293 ecQ cultures. 
The virus b isolated by tyilng the Infected 293 cells and purifying 
(he crude rysate by cesium chloride denslly ceoaifugstion, s proce- 
dure ihsl not only separates Ihe virus from other tissue culture- 
derived cubitoncea, but.aho concentrates the virus to very High tilers 
(over I0 U particles per mi). The purified rirui b remarkably stable 
In a variety of aqueoui buffers, sad can be frown for a prolonged 
period of lime without loss of activity. 
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! b 7 FW W CT S*"!™ C ** CMV pTOmotcf) ,nd b * "* lon » °" he •dcwvbvi genome <U»wn Jo ii,t). 71k ca.mple 
on r * Wln " * *«wrfn» 5 DNA b.tf Jrtfctf Into 100 map units (m.u.; 360 but pd«pcr m*p on!* fcKZh 
the jMn.. DHA lo remove Bl (I to 9.2 m.u., and B3 <7«.4 to M.J m.u., region.'io dimlnaf. (bt^uWlH^ ^ noW^Z Ja 
* .How room for Insertion of the tmnsgtne. Hornolegous recombination takes piece between the ptomM DNA and Uio^S^mic 
. J?" ?* rCCOmh,rU,,, vlna - S,MC ,he 'nm»|coe sequence replica the El gene* of the adenovirus, (he adenovirus U unable lo rceli. 
cm Iq edU other ihen those engineered lo cprcxs El geoe products, web es the humw crnbryonte WdnayTO eX^fcT ^ 
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Qurotwn of JYcwftnt BiprruhrL Adenoviral vectors currently ere 
Bnrittd by their relatively short duration of entnafeoe expressioa. Sev- 
eral factors contribute to fcb.' including dcaiance of iraMduccd celt* 
by eyWarfcTcdb md other teflwttnttwy crib (Yang at ol. IW4) 
end dlkflW ton of eplsomal DMA during target ccS division. The 
romwSkdy wIDbcnM bjr the design of adenoviral vectors Curt arc 
less Invorocgeftk. Vcclon with leroc*ratttre-eem^tive mutaJlora In drc 
83 regie* dearly ere las Immonogafc Md ofTcr dt^flesmlly tortger 
gem expression (Bnr*nrdl et at, 1994V DefcUog (he W gene from 
vfenoYtnl wcton tl» may ^mUWi^oJmmww response lo trans- 
c^ccUi(Arrt*s*anorf<*. 1994 k Subsequent generations of eden- 
ovM net on with additional oweBfteaiiom of Che adenoviral genome 
or the use of eordwnun adenoviruses may advance the me of aden- 
oviral nesor*. The epboerul eaiure of Ok •deoovwu* geaoinc ultimately 
Cmtu «k duration of gem cspreailoo la tissues with active ceil divi- 
sion neb el bone murow end eplthctta! surfaces. Since each round of 
target eefl divfclon after gem transfer U not acewrtnamed by repHce- 
tjoo of the uwgene, diughter ceib will rjnnjreeslvdy few end 
e*emu«uynoc»cJcsof uVlreras^^ vec- 
lor does occur, but mm al a high enough frequency to be useful. 
Sq/W> •/ Adenoviral Vector Sindtftcu The safety of adenoviral 
vectors Bkely wifl be borne out by current clinical trials. The princi- 
pal aide cflecU arc from the host Immune responee to ihe adenoviral 
pnxeiu, a tlmiiation that may be eliminated by future gcncreliofu of 
rectors. There la some concern, however, diol vector replication can 
U&« pUct uespltt removal of hnportant regulatory genes. Since wlld- 
lype adenoviral Infections are common, there ealste the pcoifcllii y that 
wild-type viruses may recombtne with replleelton-dclccirve vectors 
to produce replication-competent, recombinant vbu*. Although oot 
observed In the present cjrUc fibrosb clinical triab, this remains a 
concern. Additionally, there Is • growing body of evidence that some 
ceil types may contain proteins with functions homologous to Bla 
and Urn be able to provide a permissive envkronment for recombi- 
nant viral replication. With the present adenoviral vectors, this Is not 
likely to evolve into e serious Infection, given the preexisting host ln> 
rmtntly to edenovlral Infection. However, If future adenoviral vectors 
are ebta to evade this protective mechanism, then rccombineitt viral 
replication may become a greater concern. 

Adeoo- Associated Vims. Ao^o-associated vims (AAV) 
appeaws to have many of Ihe desirable features of retro- 
viruses and adenovirus without some of their potential 
drawbacks for application to gene therapy (Kotin, 1994). 
These single-stranded DNA, nonautonomous parvoviruses 
are able to Integrate eiriciently into the genome or nondi- 
vlding cells of a very broad hosl range. Integration of the 
wiidrtrpc vina Is specific for chromosome 19 0?ql3.3- 
qtcr), or at least shows preferential Integration at this site. 
Although ubiquitous in nature, AAV has not been shown 
to be associated with any known human disease and does 
not elicit an Immune response In an Infected human host 
AAV is a nonenveloped virus that Is stable to a variety of 
chemical and physical manipulations and thus can be puri- 
fied, concentrated, and stored for fuolonged periods. 

.At present, the use of AAV as a vector for gene ther- 
apy Is limited by difficulties in producing Ihe virus in large 
quantities and, more importantly, by a lack of understand- 



ing of Ihe biology of the recombinant virus/For Instance, 
It remains to be determined. whether or not these vectors 
have the ability lo Infect and Ulegrate into nondividlng 
cells, an important feature or the wild-type virus that has 
promoted hs use. There U little ej4>ertcnce In human beings 
with these new vectors. The Recombinant DNA Advisory 
Committee of the National Institutes of Heallh has approved 
Ihe first human trial of AAV In pallents with cyslk fibro- 
sis. This trial may provider information about the duration 
. of gene expression following MV-mediaicd gene transfer 
into terminally differentiated airway epithelial cells. 

AAV has two distinct phases lo Its life cycle. In the sbserce of 
helper vims (adenovirus), the wild-type virus wilt Infect • host cell, 
Integrate Into Ihe hoai celt genuine, end remain letcnt fw a tong time. 
In the presence of edtnovirua, the hylic phase of the virus b Induced, 
which b dependent on Ihe eapreaalon of early adenoviral genes, and 
leads to active virus replication. Structurally, the AAV genome ts 
composed of two open reading frames (ceiled ftp and cop) flanked 
by Inverted terminal repeat (tTTU) sequences. The ftp rcg'fuo encoder 
four proselns which rncdlate AAV replication, viral ON A trunscrip- 
lino, and endoouciease functions used m host genome integral ion. 
Tr* ftp genes are the only AAV ecquencca required for viral repU- 
co tion. The try sequence encodes structural protelm mat form ttie 
vtial eapsld. The /TRs contain the vbal origins of rrptkntton. pro- 
vide fptapsidauon signals, end participate In viral DNA lutegnlloo. 
The function of many of these proteins and Ihe overall biology or Ihe 
virus have been studied largely m wild-type viruses (sea Kolln. 1 994), 
Recombinant, replication-defective viruses that have been developed 
for gene therapy lack ftp sod cap sequences. The recombinant viruses 
are less well studied, and it U not known whether these viruses re- 
lain aU of the features of Ihe wltd-type virus (U, slre-spcclfre late- 
grition in a iwndividing cell). ' 

Production of AAV in tnrae quantities Is eomiderebty mote dif- 
ficult than production of retroviruses or adenoviruses. Repllcitlon- 
defective AAV can be produced by cotnsufceiing the separated ele- 
■nerds necessary for AAV replication Into a permissive eeU line 
(typically »J cells), in s commonly used method, ptasrnid DNA con- 
taining np and can, under the control of AAV promoters but lacking 
rTJU, It transfccicd Into 293 cells. DNA containing the gene lo be 
-packeged" (prompter, enhancer, transgene, poJysdcnylatbn signal) 
flanked by ITRs is cotransfected at lha same lime. Infection with ade- 
novirus provides helper functions Ihnt Induce ihe synthesis, of rep 
proteins, which In turn trenseeUvaie the ay nlhesls of cspsM proteins. 
The traeagene flsnkcd by ITRl Is then packaged Into viral particles 
thai can be isolated and purified by cesium chloride density cen- 
irifugatlon. This approach requires lhat the piasrnid eapressing the ITR 
(tTR*| here, the transgent^ncoding plasmW) have flltle sequence 
homology whh ITK" plasmids (cap snd rtp) to reduce the ItWihood 
of rtcorabination ertnts thai couM lead to the production of wild- 
type virus. Improved systems fw recombinant AAV preBsratlon are 
being developed Including the use of producer cell lines thai provide 
rep and cap functions. Such an approach not only would sJmptiry ihe 
irarrsfecllon scheme, but also would provide rep and cap proteins In 
larger quantities and ihus lead lo higher yields of recomWnsnt virus. 

Vaccinia Vectors (Pos Viruses). The extensive clinical 
experience with vaccinia vaccines and their eaie of ma- 
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nipuUiioo have led to efforts to develop gene therapy vec- 
tors from pox viruses (Moss and Flcsner, 1987; Mots, 
J WO). Vaccinia ere large, enveloped DNA viruses that 
replicate io (he cytoplasm of infected cells. Like aden- 
oviral, they can Infect nondlviding as well as dividing 
ceils from many different tissues, and provide short-term 
gene cipresiion from a noninieg rated viral genome. Re- 
combinant vlrui can be produced by Inserting the trans* 
gene into i vaccinia-derived plasmJd and transfecllng (his 
DNA into vaccinia-Infected cells. Homologous recombi- 
nation leads to the generation of the recombined virus (hat 
con be plaque purified. High yields of virus are achieved 
easily and can be stored for long periods of time. The vac- 
cinia viruses can accommodate much larger DNA inserts 
than can retrovirus, adenovirus, or AAV vectors. Addi- 
' tiooalry, tince the wildMype vims no longer exist* in the 
wild, recombination lo produce new strains of virus is un- 
likely. A significant drawback to the use of this vector sys- 
tem Is that It elicits a host Immune response to the 150 to 
200 virally encoded proteins. This is likely to moke re : 
pealed administration problematic. Replication of the vec- 
tor also is a concern, as it can result In significant mor- 
bidity in immunodeTtcicnt hosts. This might be overcome 
with newer generations of engineered vaccinia virus. At 
present, this vector system has not been adopted for clin- 
ical trials of human gene therapy, although it moy be use- 
ful as a vaccine vector* 

Herpes Simplex Virus- 1 Vectors. The herpes simplex 
virus is a large (152 kb), double-stranded DNA virus that 
replicates in the nucleus of infected cells. It has a broad 
host cell range, and can infect dividing and nondividing 
cells as well as persist in a nonintegrnied stale. Large se- 
quences of foreign DNA can be inserted Into the viral 
genome by homologous recombination, and the replica- 
lion-defective, recombinant virus con be plaque purified on 
Irnnscomplementing cells (IE*). These advantages for 
gene therapy strategies ore countered by the difficulty in 
rendering viral preparations totally free of replication-com- 
petent vims and the ellcitation of a potent immune response 
to virus-encoded proteins that arc directly toxic to the cell. 
Despite these apparent drawbacks, advantages such os their 
ability to accommodate large DNA Inserts (20 to 30 kb), 
the avaJtability of high titer stocks, and their neurotropism 
have stimulated interest in developing useful herpes virus 
vectors (we Kennedy and Stclncr, 1993). 

Deletion of the rtrai thymidine linaje acne renders the herpei 
virus replication-defective In edit with taw levels of endogenous 
thymidine kinase (It. terminally differentiated, ocndWtdlnf ectts). 
In contrail, will uodcnjolng active cell division (f.f„ tumor ecUi) 
possess sufficient thymidine klnaie activity to ollow the thymidine 



kinase -ocgirtWe herpes vkvS to rep I beau. This type of vector may be 
useful for treating intracranial tumors, aa the tumor celts, but not the 
neurons, will selectively undergo gene transfer. Since vector replica- 
tion occurs, syslemle olssamioation potentially ear* occur with this 
viral vector. Thu Is much less likely In Nmunocompeteru hosts be- 
cause the host cellular immune response likely win control the spread 
of the virus. The use of herpes vires vectors m imnwrtocomprornlscd 
hosts, which moy In elude some cincer pa ileus, is potent lolly prob- 
lem* k Ur* Velyi-Nejy cf at. 1994). 

Other Viral Vectors. The need for tissue- selective gene 
transfer has led to the consideration of a variety of other 
viruses, Including HIV, the minule virus of mice, hepatitis 
B virus, and influenza virus, as possible vectors for gene 
transfer. These and other viruses may And applications 
based on aspects of their life cycle that result in tissue- 
selective gene expression or other unique features that lend 
themselves to specific diseases (see Jolly, 1994). 

Comparison of Properties of Viral Vectors for Gene 
Therapy. Bovlalsis and colleagues ( 1994) recently com- 
pared the usefulness of recombinant retrovirus, adenovirus, 
and herpes virus vectors in o ret brain tumor model using 
the gene coding for bacterial 0-galaciosidase as an Indi- 
cator of gene transfer. Although their experiments did not 
definitely establish whkh vector is more efficient at gene 
transfer, useful distinguishing features of each vector were 
nonetheless noted. Following intralesional administration, 
the retrovirus end herpes virus vectors selectively effected 
gene transfer inlo tumor cells over neurons and other en- 
dogenous brain cells. In contrast, the adenoviral vector 
transduced brain tumor cells as well, as neighboring nor- 
mal brain parenchyma. In the case of the retroviral vector, 
selectivity for the tumor cell results from the virus's re: 
quiremem for cell division as a prerequisite for transgene 
integration and expression. In the case of the herpes virus 
vector, the selectivity occurs as a result of differential ex- 
pression of endogenous thymidine kinase In Ihe tumor cells 
(very high) versus nonneoplastic cells (very low). The ade- 
novirus showed little cell selectivity, and any preference 
for tumor cell expression probably was a result of the site 
of injection (within the tumor). Another noteworthy ob- 
servation was the degree of inflammation and necrosis thai 
occurred following gene transfer. The retroviral vector in- 
duced no significant Inflammatory response, and that in- 
duced by the adenoviral vector was minimal. However, 
prominent inflammatory Infiltrates were noted In the brain 
tissues following herpes virus-mediated gene transfer. Al- 
though this study suggests a useful role for the herpes virus 
vector in treating tumors, the clinical application of such 
a vector likely will bed ifTicult. Additional measures to con- 
trol replication of Ihls human pathogen-derived vector will 
have to be instituted, and the consequences of a potentially 



severe Inflammaiwy response will need lo be addressed. 
Furthermore, as BoviauU end colleagues (1994) point out, 
(be latency of (his type or vector is unknown; and it Is there- 
fore possible (hat reactivation by recombination with wild- 
type vims (thymidine kinase positive) could occur. 



Nonviral DNA Delivery Strategics 

Because of the potential limitations of viral vectors, in- 
vestigator! have examined the use of nonviral agents to 
mediate cellular uptake of exogenous DNA. These DNA 
delivery systems, which include uncomplexed plasm id 
DNA, DNA-llposome complexes. DNA -prole In com- 
plexes, and DNA-coaled gold particles, are constructed 
from known component!. Therefore, their composition, un- 
like complex virions, is well-defined. In addition, their for- 
mulattos technically Is much easier than thai of viruses 
and, In nun 7 cases, these DNA delivery systems can be 
produced without the heed for celt culture. 

Purified Uncompleted PlasmM DNA. Surprisingly, purified DNA ' 
<or mRNA) can be injected directly Into tissues Mid results In tron- 
ileat gene uprcssiots. This bat been best illuitrelrd In luutde Ussuc, 
when: direct tnjecikro of uncompleted DNA It raosl cQ*ecll*c Wolff 
et a/. (1990) (kmoTUUttcd that purified plum Id DNA or mRNA en-, 
codlng 1 reporter gene could mediate transgene expression follow- 
leg direct injection into the quad/kept muscle of* mouse, DNA in- 
jection willed In lonter gene expression (substantial gene product 
wu teen after 60 days) than did mRNA Injection (expression de- 
clined after 18 hours). The ON A likely persists as unlnlcaraled pies- 
mid DNA rather than In en Integrated form. A direct comparison of 
adenoviral ins retroviral tec ton with Injected pin am hi UNA In 
murine muscle gent transfer revealed that all three lystcmi were more 
efficient at gene transfer In re §tn crating muscle ( car dioio* in -In- 
duced) than In mature normal mouse muscle. In regenerating mul- 
cts, these. DNA transfer lyttems were equally efficient, as assessed 
by the number of muscle fibers expressing tbe reporter gene. Sur- 
prisingly, In ourare fibers, gene trans fa by direct Injection of p las- 
rrdd DNA was superior to thai with cither of the viral vectors (Davis 
tt oA, 1993). In eddillon, no inflammatory responie was teen fol- 
lowing direct DNA Injection, whereas mild Inflammation was ittn 
with cither viral vector, lb date, direct Injection of ptasrnid DNA has 
been shown to be highly effective oiUy In skeletal and cardiac mux- 
cle. Its effectiveness may depend on features unique to the muscle 
fiber. 

DNA-Coated Cold Particles, Pkumf d DNA can be affiled to gold 
panicles (approximately I micron in dli meter) and then "shot" Into 
superficial ceils. Toe DNA fa) coprccipltBied onto the gold particle 
and then propelled from a mylar sheet using an electric spcrk or pres- 
surised gu as the motive force. This so-called gene-gun can be used 
10 accelerate the DNA -coated panicles Into superficial cells of the 
iklo (epidermis) or Into skin turners (melanomas).. Ocnc expression 
lasts anly a few days, which may be more a funciion of' the cells tar- 
geted (eg*., sUn ceQs that are sloughed) than the method of delivery. . 
In animal models, gene-gun delivery of DNA vaccines u highly ef- 
fective (Fyoan ti of., 1993). Oene-gun delivery li Ideally suited to 



gene -mediated Immualisuloo, where only brief exprculea of antigen 
U necessary to achieve an immune response. 

Because of the limited depth of DNA penetration, thb technique 
Is limited to surface calls (hot can be accessed direct ry. Purihcrmorc, 
since the epidermal layers of (he tab are rich In Ofl^ten-preitoting 
ceils, they we • preferred target for vaccination. The simplicity,' 
safety, and tech* leal ease of preparation of this DNA transfer system 
make ks Urge scat© application more feasible than available, vtrol 
DNA delivery systems. 

Liposomes, Liposomes have been used extensively as a 
technology for delivering drugs experimentally to the in- 
terior of celts. The premise is that by surrounding by- 
drophllic molecules with hy&optioblc molecules, agents 
otherwise Impermeable to ceil membranes might be es- 
corted into the cell. Potential advantages of such a deliv- 
ery system include targeting drugs to an intracellular lo- 
cation and reducing toaicity. 

The basic challenge In in vivo gene therapy Is- to de- 
liver a transgene, a large bydrophUic molecule, across the 
plasms membrane and Into the nucleus where it can ac- 
cess the cell's transcription machinery. Liposome delivery 
technology appeais well suited to Ihls task, although it has 
not proven to be as efficient as hoped. 

Liposomes are either unilamellar or multilamellar 
spheres that are manufactured using a variety of lipids. 
Their structure can be influenced by choice of lipid com- 
position and manufacturing process. Proteins and other 
nonlipid molecules can be incorporated into the lipid mem- 
branes. For convenience, liposomes are classified as either 
anionic or cotlonlc, based on their net negative or positive 
charge, respectively. 

Anionic Ufoiomry The first In vWdcllvxry of genci using fipc- 
eotnc* was reported by Nicohm and colleagoce (1983), who encep- 
sultied a DNA crensgene coding for Insulin Into anionic liposomes 
and Injected the complex Into rats. The Uansfectcd rats had Increased 
circulating levels of tnsulln and decreased blood glucose concentre- 
done,' 

In splta of this early success, there are significant drawbacks to 
the use of anionic liposomes for delivering DNA, These structures, 
when given Intravenously, primarily target the retlculocndoihcUat 
cells of the liver,' making them of little use for other cell targets. Be- 
cause the svtstincc to be delivered must be encapsulated within the 
liposomes, the manufacturing process Is complex. Abo. most DNA 
constructions necessary for gene Iherapy are targe compared with the 
liposome, so that encapsulation efficiency b very low. probably pro- 
WWtlvety so for practical applications. 

Various proteins can- bo inserted Into the eaUrnal layer of 
liposomes to sfler their In v/iv behavior, Including ceW-tetectlre 
delivery. This approach can enable liposomes given Intravenously 
lo evade the reticuloendothelial syslcm. Protein tlgands or antibod- 
ies to celt surface molecules Incorporated Into the liposome sur- 
face atso can target liposomes to specific cell surface receptors on 
desired cell populations (Wu and Wu, 1987). Although promising, 
.these suetcgica have not yet been sppUcd successfully to gene 
therapy. 
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CatiotHc Uposotntu Feigner Mid oo-worters < I9S7) sywhtaited 
caOonic Upowme* end demons I rued Out they would avidly end ef- 
flcknily bind nucleic addi (which ere anionic) by electrostatic tn- 
ttrtcikrai upon staple bccbwlon of liposomes wiih nucleic eclds si 
ram icmpcrtrure for brief peilodi. TIk DNA or RNA oompfeied to 
ciijook liposomes readily catered celii la culture without percepti- 
ble injury lo the cells . A diagram Uluslrallng Ihe presumed meeha* 
ohm for caUonJc Kposomc-plaimld craiufecttoa Is given In Rgure 

fai tfw, caikmie liposomes have properties quite different from 
Awe of anionic liposomes. Intravenous Injection of cat tonic com- 
plies b*s been shown to effect tramgeac cspressioo In most organs 
If the liposome- DNA complex Is Injected Into (he affercat blood sup- 
pi; lo the organ. In addition, the liposomc-DNA complescs eon be 
adtateifiercd by latraalrwey Injection or aeroiol to target lung ep- 
ithelium. In cipcH mental animals, aclther Intravenous Injection a of 
aerosol delivery of cat Ion k liposome -piasmid eoinplcacs appears to 
be loaie (arighanxf oi. 1919). 

Catlonlc liposomes have been used Co deliver ONA gene con- 
auuets bi several capcrimemal models in vtro, Nabel and colleagues 
f 1994) delivered a foreign llitocompatlbllily gene by direct Injection 
0/ ptornioMlposoiae compleies Into tumors and showed attenuation 
of tumor growth In murine models. Hyde and associates (1993) 
stowed that c atonic liposome -mediated gens transfer could corrod 
OTR-depesxleiu, cyclic AMP stimulated chloride conductance to 




Ffcur* . Catlonlc Upesoms-m*4lot$d DNA-dilivry. 

Wigrammajle rtprescrtoUon of how cation k liposome- 
plasmW complescs are thoughj to effect gene tronster to a 
celL Utile is known about toe actual structure of the pl» 
.raid-fcposomc compJci. Likewise, processes affecting cell 
entry and transport to the nucleus are yet to be clarified. The 
circular plairald ONA docs not readily incorporate Into the 
host centime and does ool replicate lo mammalian cells; 
thus iranigene eiprtaskn ipparenlly Is cplsoinnl In nature. 



wjnnaj kveii lo transgenic mica tromoiygous for a null mutation In 
CFTR. Rabbits given Irumcnoatily the gene coding for tfte proslmal 
cniyme In prostanoid synthesis (pros*sg>ndln synthase) as • 
pUsmW-calionk liposome cowprca produced Increased amounts 
of codouidlum-derived prostanoids lo their tunp. TWa protected (ho 
lungs of the UWected animals from the effects of endotoseroU 
(Conary e/ot. 1994). 

table J- 1 Includes therapeutic goals m early stage* of human 
appflcslbo using Upcacmt-medlated ONA delivery for gene therapy, 
men as delivery of foreign hlstocompaUbiniy gene to tumors, ocJh> 
cry of Ihe -human o r antltrypsb gene to the oasa) mucosa of o r 
aAtllrypsla-dancleot patleau aid to fubscgmenli of me lungi by 
Wwoptlc brorKhnscopy, and delivery of the CPTR gene to the nasal 
mucosn of patients with cyslk fibrosis. 

At present, Hposomc-mediated transrcctlon offers a nontoxic, 
iionimrnunogcnlc means to deliver ONA to a variety of tissues. Cur- 
rent usefulness of this strategy is limited by generally tower hmhi 
of gene transfer iron con be obtained who viral vectors, although newer 
liposome forrnulaiions offer improved gens transfer efficeneks and 
better physical properties. a.*, higher concentrations of complaa 
without aggregation. 1U applications for Hposomcs in gene therapy 
likely wit) expand as better reagent* ore developed. psrdeularly those 
that facilitate targeting of specific cells. 

DNA-P roldrt Conjugates, Several groups have developed 
celi-ipecific DNA-dclivtry systems (hat utilize unique cell 
surface receptors 00 Ihe target cell (Michael and Oriel, 
1994). By attaching the Kfjand recognized by such a recep- 
tor to lite transgene DNA, the DNA-Hgand complex becomes 
selectively bound and internalized into the target cell (Wu 
and Wu, 1987). .These molecular conjugate vectors are ai- 
tmctive because they potentially offer cell-specific gene 
transfer without ttie attendani problems of viral vectors, such 
as replication, immunogenic viral proteins, or recombi nation 
potential. Initial model systems focused on developing ef- 
fective means of attaching the DNA to the llgand using poly* 
cations, ami body -ant tgea coropleaes, and blotln-streptavldin 
linkers. Poly-L-lyiinc (FIX), • poly cat ion, has been widely 
used as il can be easily coupled to ■ variety of protein lig- 
ands by cliemical cross linklng methods. When the PIX- 
llgond adduci Is mixed with piasmid DNA, macrOrm>lecular 
compteacs form In which the ONA Is electrostatically bound 
lo Ihe PLt-Hgond molecules. These toroidal structures (50 
to 100 nm in diameter) present Uganda to the cell surface re- 
ceptoT that are efficiently endocytoscd. The transferrin re- 
ceptor (Zenkc «i a/., 1990), the uiaJoorosomucoid receplor 
(Wu ond Wu, 1987), and cell surface carbohydrates (Batra 
ef at, 199*1) have been used to demomirnte the potential of 
ItgarK^medlated gene delivery. The astalc-orc^rnucoid re- 
ceptor Is of portlcuia/ Interest because it Is found almost ex- 
clusively on hepalocyies and therefore might be useful in 
mediating gene transfer Into the liver. 

Early DNA-ligand completes were Inefficient for 
DNA transfer because most of the endocytoscd complex 
was shunted lo Ihe lysosomal compartment, and DNA was 
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then degrwkl Although several igenU (e\g. ( chtoroqutne) 
have been used to block lysosomal degradation, the efltr 
ctertcy or transfectipn Is still low compared with other 
DNA-delivery methods. A wore cJTeclivc approach Is lo 
utilize Che endosoraal escape functions of the adenovirus. 
As described earlier, proteins in the adenovirus capald pro- 
mole escape of the DNA comple* from the endosome prior 
lo fusion wllhthc lysosoma. Ailhough tneiobolkally inac- 
tivated adenovirus theoretically could be employed to es- 
cape lysosomal targeting, the concentrations of adenovirus 
required lo ensure colocailiation of the virus and the DNA- 
. protein complex to the same endosome are so high as to 
Induce adeaovirus-medialed cytopathic effects. Conse- 
quently, invcati gators have constructed physically linked 
complexes between the adenovirus and the DNA-ligand 
adduct, thereby ensuring their simultaneous delivery to 
each endosome and diminishing the amount of adenovirus 
required to escape lysosomal delivery and degradation {see 
Fisher and Wilson, 1994). 

Two leocral approaches have been used 10 construe! •denortmi- 
DNA-llg-nd compleaa. Pory-Uyslno am be covajently 
portned ■dcnovirsl pwltelt* Ming » wwa-acJublc cerbodtfrnto.Thli 
ti then cnUed wfch *xl*U>-Qrcuxmvc%M iwptor-poty-L-lysUK-ONA 
loroldi to form Clusters of tcowUdnt adenoviral particle* and 
torolds. The ilxc of Owe clutters varies from mall cloilcn (O00 

. run) wliii stogie toroto coop 
ten (200 to 300 run) containing, more then a dozen viral panicles and 
torolds. Tbc composition of the dusters I* governed by the amount 
oT ooly-t^yiine eueched lo the viral particle*. These complexes 
achieve higher levels of hepetocyte. specific gene iranifer at lower 

: conceniraimni oT virus then do miatures of unlinked toxoWi and ode- 
novirus («* Crtsilsoo ti at. 1993), ■ • 

This technology ceo be further Improved by layering Uw DNA 
end lljand over the surface of the adenovirus to create a epsled ade- 
novirus, rather then the ilde-by-side Mw-torold-vinu). structures 
described tbo»c' (Fisher end Wilson, I99«). This creates single thai 
ps/Uclcs that reuin their endosomslyih ability, we coaled wllh DNA 
end eateod the asielo-torosornucoW receptor from the pankte ivrfice. 
These smaller panic Us (<t00 run) stlU retain some edenovlrua re- 
ecptor recognition tod opiate, similar lo the larger, clusters above, 
bol ihetr smeller rise may rnsse them belief able to traverse the fen- 
estrated hepatic endothelium. The use of two reporter genei, ooe ear- 
rtcd In ihe plasmld DNA and the other lo the adenovirus genome, 
has allowed the shnulianeoui assessment of viral Infectlvliy and e/. 
flckncy of pfesmW gene transfer. By decreasing the emoorrt.of ede- 
oo virus required, vlrw4iuirjccd cytotoilchy essentially can be cJlnv 
Imtcd Tbc presence of two receptor pstf>we,s for DNA entry (Hgand 
receptor and adenoviral receptor) clearly dimlnUbca the ipecllkhy 
of this DMA delivery system, The edcrwvfrui receptor padiwey can 
be effectively dimlruted by using en anlibody against adenovirus 
' fiber protein u the means for Hnvage to DNA (Michael and Curkl. 
1994), so tppretcK thai obllierates the ability of the vtrui lo bind 
adenoviral receptors but not lu ability to medlsle lysosomal escape. 
Further reilncments. such as the use of purified cndowmelytic pro-, 
tdru ralher lhan Intact adenoviral particles, should enhance the util- 
ity of IhU type of DNA-dellrery system (Seth, 1 994). 



DISEASE TARGETS FOR GENE 
THERAPY 

Orgun-DIi eclcil Geuc Tlicrupy 

Uver. Uver-dlrected gene therapy has emerged as an im- 
portant model for the treolment of Inherited and acquired 
disorders, sire liver con be afflicted wllh o variety of meta- 
bolic, Infectious, oud neoplastic diseases for which specific 
molecular interventions can be envisioned. For example, 
gene transfer methods might be used to deliver interferon 
alfa for the treatment of hepatitis B, cytotoxic therapy for 
hepatic carcinomas, or to provide a missing gene to cor- 
rect an .Inherited metabolic defect Potential applications 
are made more feasible by the existence of multiple meth- 
ods for targeting gene transfer lo the liver. Molecular con- 
jugates, adenoviral vectors, liposomes, and retroviral vec- 
tors all have been used for hepatocyle gena transfer. For In 
vivo gene transfer, the liver Is accessible by a rramber of 
routes, Including direct Injection and Intravenous and in- 
Irabillary administration of vectors. E* vivo strategies can 
be implemented by partial surgical resection of the liver, 
isolation of hepolocy tea. and in vitro hepatocyle transduc- 
tion. The genetically modified cells can be rcirnpl anted into 
the liver. 

familial Hyptrthoksurvkmla. Patients vita famlPal hypercho- 
tester otemta hare on Inherited dcflctaiey of the kiw-dcnilry kpopr o- 
leln (LDL) leceptor and, as ■ esmiequence, develop eatrermly Wgh 
ptasma kvels of choleaterol and irteriotcfcrmb at orrery early pge 
{set Chapter 36). The tcnelU defect maalfeaU iUeif u • dimtatehed 
ebillty of (Its liver to ekoi UH. panicles from ihe blood. »<W wrvm 
lipid level* provide 0 convenkm marker of the disease. Although 
pturmtco logical Intervemioiu have had limited sacecaa, enrrtcllon 
of the hepsilc dysfunction by onhotopk Kver uantpUnUition fc»ds 
lo oormalisation of blood lipid leveli end I towing of arterial distue 
proireetioe: This clinical ebervallon suggested that If the liver coutd 
be ieneticilly modifkd to express the LDL receptor, the same ben- 
efits might be achieved. The Wetanabe heritable hypcrlipidemic reo- 
btl bu icrrcd as an Ideal animal model lo demonstrate that Ihii ap- 
proach enuld lead to persUtent reduction!. la serum IDL Urr R|ure 
5-4) (Chowdhury rl ot. 1991). Severs! pstlenti now have been 
treated In s clinical trial using an tx vivo DNA delivery spprosch and 
retrovirus to Introduce the LDL receptor gene into hepatocytes Iso- 
lated from the patients following partial hepatcctomy (Orosmun <i 
aU l°W). ThU study dcrnoastroted the feulbllliy. safety, and po 
tenUal emcocy of <i Wvo hepatk gene therapy. 

The ovciail success of DMA transfer Into hepaiocyies will be 
determined by several factors that currently are uolnov/n- In partic- 
ular, very Bttle is arsowo abotn the oorrnaJ aimover of hepatocytes 
and how this will relate to Ihe r^Uleiw of geoetlcalry modified 
peJU. An Immune response to the ihcrapcutic gear product, s poten- 
tial problem for all gene therapies of deficiency aisles, has not been 
observed to date.' The potential for the therapeutic gene product to 
serve as a neoantijen may rary among dllTrxent types of deficien- 
cies and depend on the nature of the protein product and whether the 
deficiency srUcl from total absence of the protein or from esprci- 
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encoding the LOt receptor 

flgun S-4 An animal model for #x tfro retrovirus gtnt 
Injasftr of the lew density lipoprotein (12) L) receptor. 

The Wetenebe heritable hype/Hploeralc (Witt It) rabMl U 
tn Meal entail model of Ihe Inherited deficiency in the 
LDL receptor. Lacking the LOt receptor norma tly 
eipretscd lo hepatocytes, these animals rapidly develop 
stberosckrosts. The feasibility of ex rhv retrovirus gene 
trans (a U demoflilrattd by I Kb model. A pania) hepatec- 
Hm»y it rurfiimwil. removing up m tmc-rhUd <if the IKer. 
Tlw TOded fxwiwn of flac liver li i^tuscd ex Wro with 
caayiues to disperse Ibe hepatocytes, wt\zU are then placed 
b tissue culture and ea posed to recombinant retrovirus 
a pre wing the LDL receptor. Hepaiocyics containing I he 
stably Integrated viral DMA arc Injected through the portal 
vein bock Into the Urn where they take up residence. This 
procedure now has been conducled In human patients with 
the laane disorder. 

aron of a dysruacllonal .(rautned) protein. The clinical trial cited 
abate (Grouman et ci. 1994) provide! the first eaemple of sustained 
meubollc correction of a genetic deled. Toe er tiro gene transfer 
epproscb tlkcly will be replaced by In ttvo gene transfer strategies 
In (he future, once problemi of vecior elTlcety, peraliienee, and Im- 
namogcoietty ere overcome. 

Lung, The two most common inherited-lung disease* ere 
familial emphysema end cystic fibrosis. Oerte therapy 
strategies have been directed toward ihc omelio ration of 
both these diseases. 

Familial Emphyitma. Familial emphysema is e conse- 
queace of a defect in the gene encoding the principal en- 
dogenous antiproteese, ori -antitrypsin. This deficiency ren- 
ders the lungs vulnerable lo Injury by neutrophil proteases 
released at sites of Inflammation! The ar t -ontMrypjln protein 
Is available clinically and is given to patients with the dis- 
ease. The human gene has been cloned and delivered effec- 
tively to the lungs of espcrlmentol animals (Canonico et at., 
1994). Iniiaaf studies in human bcingj with a r antitrypsln 
deficiency have been approved by the NIH {set Toble 5-1). 
Cyiffe Fibrotis. Cystic fibrosis is the most common In- . 
hcriled disorder in ihe Caucasian population, and because 
most of lis morbidity and mortality stems from pulmonary 



manifestations, it is an Ideal mode] for gene therapy of in- 
herited lung disease. Er vivo gene transfer strategies are 
not a viable option In ihe lung. Removal and reimplanta- 
tion of airway celts Is not technically feasible for therapy. 
Because the targel cells in Ihe airway turn over very slowly, 
retroviral gene transfer, which requires cell division. Is very 
Inefficient. In contrast, adenoviral vectors are uniquely 
stilted for this application, as adenovirus has a known tn> 
pi&m for respiratory epithelium, A major potential draw- 
back to the use of adenovirus Is the transient nature or gene 
expression and uncertainly as lo whether ah adenovirus- 
Induced Inflammatory response will allow readmlnistration 
of Ihe vector. Additionally, airway neutrophils and secre- 
tions may decrease transfectlon efficiency. Nonetheless, a 
major effort has been launched to develop adenoviral vec- 
tors suitable for transducing airway ephhelia In vivo. 

Human studies have been conducted in which adenovirus en- 
coding the cystic fibrosli transport regulitor (CFTR) was adminis- 
tered Into Ihc nasal epithelium of patients with cystic fibrosis (Zab- 
wr rt at.. 1993). With relatively low dnaei of Wras, normalization of 
chloride c«H)uctance was observed. The major current dlsaOvanUgc 
of adenorinis as a vector has been the host response to vtrally en- 
coded proteins, Ao inflammatory response to adenoviralty transduced 
cells has been observed In • variety of animal models and In psticou, 
because the vector contains most of the wild-type viral genome. Al- 
though the virus has been rendered repikat Ion- Incompetent by dele- 
tion of a lubtet of viral genes. It still directs the vtrally transduced 
celt to syntheslsc immunogenic vlrei proteins. Newer versions of the 
recombinant adenoviral vector may overcome this limitation by is- 
tenualtnt Ihe expression of adenoviral proteins, BngcJbardi and cot- 
leagues (1994) have shown that ■Iterations of the adenoviral genome 
In addition to El and EJ deletions cm decrease the Inflammatory re- 
tpoaie following gene transfer. A tempera urre-setuUive R mutint 
(ta 125) thai preferentially grow, at 32* C Is Introduced Into the vi- 
tal genome so that, wheat (he vims la used to Infect ceils si 39" c. 
the mutant E2 protein Is less eiTectivc in transact! vntng downstream 
adenoviral gcoei that presumably ire responsible for Inducing the 
host Inflammatory response. In practice, the virus can be propagsted 
In permissive cells (793 celts, at 32* C In vitro, and then used to 
transduce cells 6* v/vo al 37* C Following In Wvo transduction, the 
virus Is replies) ion -defective (El deleted) and test efficient in the 
synthesis of adenovirus proteins at the elevated body temperature. 
Thit results in less Inflammation ind prolonged tramgene cxpres- 
ilon. Funhef improvement In the design of adenoviral vecior s is un- 
der development. Including mutations that will remove all or part of 
the E4 rcpJon. 

At prcsem, the number of patlcnu treated in all cytlk fibrosis 
gene therapy trtali Is too small to draw any meaningful conclusions 
as to eflicacy. However, the principles of airwsy delivery of genetic 
material ore now well established. Future generations of genetic DNA 
transfer systems, including ihe adeno-assodated virus end liposome 
tystcms discussed earlier, likely will offer meinlngful benefits not 
only for cynic nbrosU but also for s variety of tung disorders. 

Vasculature, The blood vascular system has been the tar- 
get of several gene transfer cxperimenls that have demon- 
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•iriicd the therapeutic potential of gene delivery Into this 
tissue Both the endothelial cells thai line the blood ves- 
sels and the smooth muscle cells beneath the endothelium 
have attracted much mention because of their role In ath- 
erosclerosis and the prospect that they might be used to 
deliver transient products into the bloodstream. Genetic 
alterations of these cells might be useful to alter or pre- 
vent the process of atherosclerosis, or to deliver vasodilat- 
Ing igenta locally or, alternatively, to provide local deliv-. 
cry of anticoagulant*. 

fijrW* Strattgtca. tallUl experirau famed on a vt*o gene 
transfer method*. Wilton ti «J. (1989) dcmonstxsicd that canine en- 
dodttfltJ cells could be genetically modified In rfrn? by retroviral 
gene nam 'cr snd then irarupbmed baa Into the dog « * Docron* 
vascular knpiaju seeded with the modifed cm**l«H«j celts demon- 
etrmciog trnnsgene esprastoo for over 5 weeks. In another study, nil- 
tured cnfcthcuaJ cells from a YuaUn mtolpig were transduced to 
Wfro with rcpflcauorwfcfecUve retroviral prior to reproduction into 
an may by means or • special dot* te~bei toon catheter. By occlud- 
ing blood Oow to ■ denuded segment of the artery, (he catheter pro- 
vided « temporary protected space where die modified endothelial 
eelli could reattach to the vessel will (Nibet ef at., 1989). 

In Mto Strattgfcs. to Wro gene delivery obviates the need for 
syngeneic colli tod will be required Tor therapeutic applications Rich 
as the treatment of slhtroscleroili. In W*o gone transfer has been 
achieved using the double-balloon ciihcta approach with insUUetlon 
of the DMA delivery system Into the protected space of the tempo- 
rally occluded vessel. Retroviruses, liposomes, and adenoviral vec- 
tors tU have been used to target • specific site within a targe vessel 
* oslng Ihb approach, 
Afhinsritrosb. A variety of genes have been expressed by in vfeo 
|«»e transfer for dw purpose of developing useful clinical applies.' 
lions as well at for developing models of pathogenic mechanisms. 
Vascular cell proliferation tnd e strict Hula/ malito protein deposition 
are assocleied with atherosclerotic narrowing of arteries. Factors that 
potentially conuibule to this process can be studied by overespres*. 
ing ihelr genes In arterial segment*. For ai ample, when acidic fi- 
broblast growth factor (FGF»I> it ectopics lly espressed in porcine 
anerio, the vesrel wall becomes thickened (Imunal hyperplasia) as 
e rcsotl of imooth muscle cell proliferation (Nebd ef at^ 199 Jc). in 
addition, new blood vcaseb form wllhtn ihc arlerial wall as • result 
of endothelial ceil migration and growth. In contrast, when TCP- 01 
h espressed eclooccally in the vessel, eatracellotsr matris synthesis 
and InUrnal thickening resell (Nabel et cl, |993a>. Platelet -derived 
growth fsctoT fl alio has been shown to Induce InUrnal hyperplasia 
rollowfag fa v.Vo gene transfer (Nibcl et oi\, |993b). These expert, 
menially Induced changes to the vessel wall mimic the changes found 
In aihooictcrotlc lesions. Qena transfer thus provides • useful tool 
to study the effects of agents that may be pert of s ccmplea disease 
process.. 

Autoimmune VaxculitU. tn an etlempt to mode) another arterial db> 
ease, aololramune vasculHJi. a foreign hlUocompsUbtlliy gene was 
delivered to vestal walU by iipc^me-mcdiated gene transfer, resull- 
Ing to a focal Immune response al the site of. gene transfer that hli- 
tologkally resembles Taksyaio artcrtiU (Nabel a of. 19*2). These 
capertmcnti demon* rate that models of human disease can be 6c- 
wuped by Introducing tpcdfic molecular chsngei in tht Mood v«. 



set These models of arterial disease may be useful la evsluatlna 
c * n block these processes and aJlcr the progression of the 

disease, 

rWntfon c/jfasenas*. In addition to understanding (he process 
by which vascular diseases develop, gene transfer techniques have' 
been developed to treat these diseases. For example, sthcroscferotic 
coronary arteries often can be treated by balloon angioplasty The 
narrowed segment of the aHieroscterotlc vessel b mechanically dl- 
loted by ire Insertion and InftcUon of a balloon catheter. Although It 
provides long-term benefits for many patients, Ihb procedure has a 
Ugh rite of vessel closure (restenosu) within erects after (he dJIs- 
boa. Restenosis occurs, to part, as a result of smooth muscle hyper, 
ptosis. Introduction of an adenoviral vector encoding thymidine ki- 
nase fouowed by systemic administration of gancktovir blocked 
. arterial hyperpluia to an animal model of restenosis (Ohno cr cL. 



Cancer Ceiie Tlienipy 

Cancer gene therapies have employed several strategies 
(hat rely on unique molecular targets found in cancer cells. 
Activated oncogenes or mutated tumor suppressor genes 
are common features of human malignancies. For instance, 
mutollons in the Klrslen-nw oncogene, which occur com- 
monly in adenocarcinomas of the lung, are associated with 
tobacco consumption and may contribute to tumor pro- 
gression. Mutations in tumor supprestor genes also occur 
frequently in human cancers. The retinoblastoma p53 gene, 
which encodes the nuclear protein p33 that regulates cell 
growth, Is the most frequently altered gene in cancer; de- 
fect in the function of this suppressor gene and Its gene 
product contribute to unregulated cellular proliferation. 

Molecular processes that regulate cell growth, al- 
though fundamental to tumor progression, are in generai 
difficult to target with current gene transfer methods for 
several reasons. Particular oncogenes, such as Klrsten-raj, 
are commonly but not uniformly present in all tumors, even 
of a given histological type. More important, Interruption 
of a specific oncogene's function cr restoration of tumor 
suppressor gene function would have to bo done in every 
malignant cell since untreated cells would readily divide. 
Because most cancers exert their morbidity and mortality 
through metastatic spread, one bj faced wiih not only tar- 
geting every.cancer cell but also targellng cancer cells in 
widespread anatomical locations (bone, liver, lung, brain, 
etc). Furthermore, msoy lesions arc microscopic metasta- 
tic deposits, undetectable by current diagnostic Imaging 
methods. This makes ll difficult to assess the efficacy of a 
new gene transfer method because, in the course of the 
long follow-up required. It may be unclear whether failure 
of the treatment resulted from inefficient gene transfer or 
from any of the many other events thai could contribute to 
ineffectiveness of cancer therapy. 
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Many tumors acquire a series of geneik defects as 
ihey progress. In addition, some tumors arise u • corue- 
qucocc of muiaiioru thai result In a. gain of function, not loss 
of function, and thus require ablation or the new activity. 
For dimple, chronic myelogenous leukemia occurs es the 
result of expression of a new chimeric gene product. 

Because current gene transfer techniques are unable 
to achieve a satisfactorily high level of transfer efficiency 
in m in vivo setting, alternative strategies ihnt do not re- 
quire |Q0% efficiency of gene transfer have been sought. 
Two general approaches have evolved that may be e (Tec- 
live when only a minority of the tumor cells are transduced: 
(I) cell-targeted suicide, achieved by directing the synthe- 
sis of • toxic metabolite that can permeate the tumor mi< 
croenvironrnenl, and (2) engineering an immune response 
to the tumor celts by ectopic cytokine expression or other 
me ms for Immune recognition or activation. 

Cell-targeted Suicide. Conversion of a prodrug to a 
loxk metabolite by genetically engineering the tumor cell 
Is en attractive way to create an "artificiur difference be- 
tween normal and neoplastic tissue. This can be achieved 
by the expression of a gene that confers a dominant, neg- 
atively selectable phenotypc to the cancer celli such as cell 
death imparled by expression of a drug-metoboiiting en- 
lyme. A variety qf enzymes are capable of performing such 
o function, end typically kill cells by activation of a rela- 
tively nontoxic prodrug to a cytotoxic form (Table 5-2). 
Greater selectivity In killing malignant cells will be ob- 
tained if the Irons ferred gene is not normally found in hu- 
man beings (e.g., HSV-thymidJne kinase), rather than by 
nvcrexpressing an endogenous gene (e.g., deoxycytidine 
kinase). 

Insertion of the HSV-mymtdlne kinase (HSV-TK) 
gene into malignant cells in conjunction with the systemic 
administration of ganciclovir has become a pmiotypic gene 
therapy system that uses the enzyme- prodrug approach. 
Many investigators hove shown that the expression of (lie 
HSV-TK gene con fen a negative selectable phenotypc to 
cancer cells both In vitrv and in vivo, 

Hoohtn(l9se)dtmonstr«ied acquired ganciclovir senilllvby to 
» marine sarcoma ccJI line transduced with a retroviral vector thai 
produces HSV-TK, The transduced loieoina tumor eellt were 200 to 
Htt) umtt more sctuWve to genctcJovtr I ban control tumor cells. 
Thh Hading bat been reproduced la several rodent and human can- 
co model ryitcms Including lung cancer, mesothelioma* hcpoiocel- 
tutor ctrdncm*. leukemia, melanoma, and CNS tumor models, the 
efTkocy af ihii approach veriei significantly and may be due to a va- 
riety of ftciors Including promoter function, lorge* eetli studied, and 
efficiency of transduction. 

The lumutrUU activliy af (he ItSV-TK/cancklnvir 170cm b 
due to several focwri. In dividing cells, tlw pJuBpliuryluicd ganci- 



clovir Inhibhi DNA synthesis. ThU effect U not confined to celts that 
arc directly transdaccd with IISV TK, .11 ttdghborfog celli are also 
effected. This phenomenon, which likely occurs as a resort of sev- 
eral nwchaoJsnu, has been termed the 'tysiantter efTeta" and has 
been observed In several tumor types. Including CNS tumors (Free- 
man «r »U 199 } >. Transfer of ibt phospft oryUied ganciclovir bet ween 
cctti rradohiritc coo peril Iqq**) via gap Junctions has been proposed 
es a .possible mechanism, Phagocytosis by neighboring celts of gan- 
ciclovir sihoaehate-ccmlalnJog apoptolk vesicles (from dying trans- 
duced cells) ofso has been proposed, Immunc-medlsted processes 
alio may account for tlgnMcaAi killing of ooo-uaruduced ceils. In 
one report, tail -tumor Immunity was observed following TK-medl- 
eied killing of cipcrtmeniol brain tumors. Whether the tumor Im- 
munity la TK dependent, or merely • manJfcsUiloa of Inherent tu- 
mor cell irnmunogentdly. has yet to be established In this rodem 
model (Barber/ ol, 1994}.' 

More recently, ■denovtres vectors have been used for gene trans- 
fer of HSV-TK. Chen «r of. (I994i) fernoottraied regression of ex- 
perl mental glioma* following . h vrVo odenovlrusHncdliicd gene 
transfer end gancieloylr treatment The tumor deposits were not com* 
ptetely dim! ruled by this treatment, however. Tumor cells dose to 
the Injection site were more readily transduced than were those dis- 
tant, at Judged by parallel marker gene transfer experiments. Fur- 
thermore, these more distant cells escaped ganciclovir toslcliy be- 
cause of b diminished bystander effect attributed to a paucity of gip 
Junctions In die rodem brain I amor cell tine employed This limita- 
tion potentially con b« overcome in the clinical setting by mora pre- 
cise stereotactic treatment planning (sided by MRI and PET studies) 
end by multiple rumor Injections. 

Other approaches have focused on introducing genes that 
stimulate an immune response to the tumor. Although some 
have argued Ihnt tumor growth occurs 01 a result of im* 

Titbit' 5-2 

Enxyroe-Prodrug Combinations for Cancer Gene 
Therapy 



ocmo 

HSV thymidine kinase 
(HSV-TK) 

VSV thymidine kinase 
Deoxycytidine kinase 

Cytoslne deaminase 
Nucleoside phosphorytase* 



SDOOftUO 

Ganciclovir 
Acyclovir 

AraM 

Ara-C 

Fludarabinc 

2-Chlorodcoayadcnosinc 
Diftuqrodeoxycytldioe 

5-Ruorocytldine 

MeP-dR 



'Nucleoside phosphorylau It encoded by the £ coll D*oD gene, the cod- 
ing sequence used In this the rspcultc sv tlcgy. - 

Kij; HSV, herpes simples virus; VJV, vesicular ctomatltis virui; Ars-C, 
cytwlnt arahlnitsldc i« eyiarabtne; Ars-M, 6-methcarp«r1ne srabt- 
unluc; MVP-UK, O-ijteilrytfwrirc-I'^isyHhtaldc. 
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" oTk ^"', U< ?' tkut b " U,B ««• tvldcucc CO .uppon 

ognired by (be immune »y,tem. . * 

EttoplcCrtokta. Expressions. A variety of cytokines 
tare been rtowo » decree lumor g«owU, whei^J 
«Uly £P«.ed on tornor.eell. w ,„ lhelr microenv J n . 
men, (Tapper and Mule. I9M). Tumor cells engineered to 
secrete certain cytokine, have been observed ,o be leas 

W^JTJTV Wte0 imflMtd ,n V^neie hosts, 
^ ?* fa « row|h U «"»Tecied. suggewln. 

J""*"!** Some immunomodulatory 
Menu do not alter the growth nUe of (he tumor Initial!* 
but lead to hnmum,, .gain,, , umor growU> tf ^ 
bluer diallengcd wllh wUd-typ. tumor cells, I, l.£ 

. ■ ^ ?r J^ Ue " My a ' 8,nee ' ed ,umo ' eelh 

~ ' °i ^ •mnwne responses depending on the im- 

locsJ Iculanuwtory reruns, without .„y elTec on dbtM 
<umor celU or tumor cell, sdmlnlstered si later lime! In 

to WM-CSF) ta, hill, effect on the tumorigenicl.y. b», 
evokes s potent anu-tumor Immunity (DrwolT « ,9,3, 

SiZLi"^: muUiple lnuni " ,e e,recu « w«hw 

kUT^L P ' W,n ? Immun °™*"*>ry .gents. This Is 
* m °™ *f e ""« inte'lcukln-2, where the tumor be- 
™T a ***** •>» T lymphocytes, sc.lv.ted macro- 
Ph.g«. natusri kJHc c^. neutrophils, .nd eosinop™. 
Adduionslly. . cytokine ma, hove different effect, in d 

«r ,?T-- ,:0 ' ( , ttimple ' con hm 

direct «tiproUlerauve effect,, reen.lt natural killer cell, 

^eof tumor love.Ug.ted, In many circumstances, ll I, 

djrocu., ,, totapn to eItecu ^ w , noBced ^ " 

oytokm. from (he effects mediated secondarily by the other 
town. I effector celU. Thi. he, led ,0 . rather empiric*! 
ff 0 ** ««> cytoklne-based cancer gene therapy. The 
line, ituerteukm-l, -2. -4, ^ .7, „d -12, «umo ZZl 

^rflT "T^* 0 " molecu,M ' t»vc been 
wown to induce Immune de.tn.cUon of tumor cell, in 
model Wto* Of these, ln.erieukin-2. InterleuWn^. 
Imo ^SLT Wd OM-CSP have been entered 

nio clinical trial, using tumo, cell, geoetic.ll, engineered 
g~ *• Oeppe, W d Mule, lid; VS 



;~u^ nCt T L 0^«P»-~che.«med«ln. 
creasing the immune response to cancer cells have been d* 
veloped. One such approach is to express highly Immuno- 
genic moJecute, on the nrf.ee of cancer Sbi/mSTm 
eapreaston of alloiypic MHC antigens. Alternatively, rether 
"prolan eaogenoua "rejection" amigen. tumor cell, 

gente tumor-aaoclstedsnllgens ore better recogmjed.lt has 
been long known thai additional "eo-atlmuhtoiy" oatbwav. 
^/T T - edl « oeedeHoEeT 

cell idlvotlon (ire Ctapter 52). lire molecule, B7-I and 
B7-2 sdmulate one such pathway. The B7'.. who* ea- 
pr^lonj^lly fa Mm l0 a 01 ; g „Hp re « mirlg ^ mi 
other apoclallted Immune effector celU. engage specific 
reeeptor. (CD-28 wra CTLA-4, on the T-Ju^nEi In 
concert with amigen binding to the T-«ell receptor. Sub- 
sequenlly, T-cell activation, cell p^lifentloTand cy: 
•oklne producUon ensue, and can lead to the elation ■ 
of antitumor Immunity. The absence of a coalimulowry 
signal at the time of T-eell reeeptor engagement I, not a 
neutral event: rether. It result, In the development of lu- 
mor-jpeane energy, not mere failure to activate theT cell 
re. Chapter 52). Thus. ,bo .Imple presence of antigen, 
I- tumor eelU wpulo be eapected .0 produce an Immune! 
tolerant , tale rather than an immune-responslve aute if 
eortimulalory event, do not take place. In effect, thi, is 
what la seen In most clinical situations where human tu- 

!^l! n ^K PP,reirt,) ' uni,n l ,coed >>y host Immune mech- 
anisms. When Mint tumor cells are provided with co- 

ol.™ ^f y h m °l! CU,eS - cfftC " Ve T - ce " « r ««" <*» 
place. This ha, been demonstrated by ectopic e.prcsslon 

of B7 on tumor cell,, which then are used to stimulste an 

immune response to the parental tumor cell line. 

•. JJZ"J l"™"**™ ".Pf^rt Ihh esperimaalal ««k 

,, *Ii °* "°" unrmwe •yuem to racognlie and cndl- 
r*" S 8 "," " L < ,PMb < eoopreaw, B7 and Ike 
f *"°™ v f»» ejection | B K I7JJ muni* 

d«.d . B7-depe.dau Immune mpo«c »hlca rootled I. htJ „. 
B r^^'^!l^ B7 - f — did ^ toduc. „7d." 

were.B?-. This Mvdy alio revealed the! Immune ndwloareoulJ 
<he presence 0I.CD8+ but notCO.'f T eclb. 

of both CD8+ «»d CD.+ ta ranm jSmu^.™ Tim^tt 
«« espresrini both MHC cl«. l and II S L» u^toed 
» «£» bom 67.1^ p»7 Tee p»7 «.l g ^ U k ^^ 

be very Immunogenic end lo.illmulata die production ofSa+ 
.tone, .pec.no to Ihb «„en. 87 eerm^or.teTc*^ 
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wl* p97, supported the eipenston of both the CDa> cytotoxic T 
fyophocyttt andCD4 + lymphocyta. Purtfcennofe, while CW-rT 
ceHi were Qw most Important effector celli, both cell type* were 
accessary to elunlnale ot.Wlihcd tumor nodule*. aielcsl uperi- 
cnee cftcarry demontntes Hut (he mere presence* of t»nw*associ- 
atcd tntffau does act induce en fmmtme response. The imputation 
of Ihese undies Is that the Ineffectiveness of tumor antigens may 
bo evercome by expressing 87 on the tumor cells, la ft esc tad 
other experiments, die presence of MKC cUis II molecules on the 
tumor cell suffice, la eddJdon 10 ctsst I molecules, coa tributes to 
the overall Immune response, end la particular the CD4+ cornpo- 
neni of the response. Because mo it human rumors do pot express 
cless II molecules, on cfTcrttvc CD4+ T-ceU response mty require 
•dAloBil lotervemtlon beyond B7 cnpiciilon. Consequently, pro. 
fitfo| cytokine etimuUtlon (but cm provide litis effect .may be of 
merit 

The forego! n | experiments were performed with wh»t is now 
known at 87-1. Addiliontl experiments bive shown tost other mol- 
ecules (B7-2. sod perhaps others) ire able to bind the same Tcetl re- 
export as 97- 1 (CO-28 and CTLA-4) and activate T-ctll costimu* 
latorj pathways. The differential role of these similar Itgtodi li only 
beiawiai to be explored. The temporal course end relative levef of 
(heir ci press* on ore dearly dirTbrcni. as Is mcJr shlllly in be ififfcr- 
ensbljr regulated by Ihe same stimuli. A similar level of cotnplcalty 
is emerging for the B7 receptors CTUA^ anil CD.2«. Although the 
dMtraalal rok of these molecules as ihey relate to the normal rune* 
tloo of (he Immune system Is bet, limine, to be understood, which of 
the BT's will provide (he most effective route to antitumor Imnwnhy 
it sacaown (see Chapter 32 for a review of cellular mechaalinu of 
Imnwae enhaacemertt end suppression). 

T«n activation. although critically dependent on TCR end co- 
•tbnukiion pathways, elso may be supported by iddiilonsl functions 
mmntlly provided by the t*llgen- presenting cell. hUerUukm-12 
lit- 1?) h secreted by antigen-presenting cells and functions by bind* 
ing to specific receptors on T cells and natural kilter celts. IL- 1 2 In- 
ducer Ihe production of Interferon gemma and enhance* the produc- 
tion of i cytotoxic T- lymphocyte response, to one murine tumor 
model, IL-12, when produced la the mlcroenvU^oment of t devel- 
oping tumor nodule, delayed development of detectable tumor nod* 
«lo{0hflp c7oi, l99d). IL-12 In (Ms model did not tend to protcc- 
tlw> imthMnor Immunity. Lt., tumor development was delayed, but 
not entirely prevented. Interestingly, (he 0 16-dcrlved BL 6 melanoma 
ce8 flee b poorly Immunogenic yet was able to provoke Tcell sell- 
vadoo when i upported by this esogenous cytokine Other invextlge- 
tort hsve reported that 816 tumor cell tines arc not rendered capa- 
ble of inducing an Immune response when transduced to express 
B7I.The fact (bet IL* 12 con Induce Immune rerponsivcaest to o tu- 
mor when 87-1 could not suggcrti that Ihcse hTununomodutatory 
moleculei miy provide dllTereat functions. Recently. Il his been 
shown that B7-I end ft- 12 can ect In synergy to Induce Tcell pro- 
lirentlon and cytokine (Interferon gamma and TNF-a) production 
(tee Chapter 32). 

Hot all of (he obrlacles to genetically engineered tumor vaccines 
have been fully Identified. Immune tolerance of tumor cells may arise 
by ouny mechanisms, Including rumor cell secretion of Immuno- 
oppressive ■genu (e.j\, TOF-0), ««f other meant to overcome cot- 
ertnee will need to be devised. Nonetheless, (ha ectopic expression 
of tcots In eencer cells It a very flexible and powerful tool that likely 
will bsprove upoo the'eurrcol thertpeutle appreseh ef lyiiemltally 
ft&rdalacred enUoccpUuic age&U {it* Chapter 31). 



Gene Transfer into Hematopoietic 
Stem Cells 

Gene transfer Into bone marrow stem cells has been pro- 
posed for a variety of Inherited and acquired disorders. 
These Include inherited defects in cells produced by the 
bone marrow {eg., sickle cell disease, thalassemias, 
chronic granulomatous disease, and several lymphocyte 
disorders), as well as acquired illnesses in which marrow- 
derived cells are secondarily involved (eg., acquired im- 
munodeficiency syndrome (AIDS) and chcmoih crapy- 
Induced myclosupprcssipn). The long-term rcpoputatlng 
potential of the bone marrow stem cell slso makes h a po- 
tentially useful agent for the production and delivery of 
proteins normally produced by nonhernalopoietic cells 
(e.g.,. coagulation proteins). The development of bone mar- 
row transplantation has provided substantial precedence 
for Ihlf approach. The growing number of diseases that con 
be treated effectively by bone marrow transplantation 
dcinonstraies (Ire therapeutic efficacy of providing a "cor- 
rectetT marrow. For example; severe 0-thalosscrnla (an In- 
herited defect in hemoglobin biosynthesis) can be cured 
by transplantation of bone marrow from i normal donor, 
The gene therapy equivalent would be to correct the pa- 
tients* own marrow rather than substitute a "foreign" nor- 
mal marrow. Because bone marrow can be removed easily 
and relmplonted, It provides an ideal setting for ex Wvo 
gene therapy strategies. The ultimate goal Is to be able to 
transfer genes into hematopoietic stem cells and allow 
these cells to reconstitute the bone marrow with Ihe selec- 
tive expression of Ihe transferred gene in a specific 
hematopoietic cell lineage. 

Immunodeficiency Disorders. Gene therapy ofTers po- 
tential treatments for a variety of Immunodeficiency dis- 
orders. At noted earlier, the first disorder to be treated by 
gene therapy was a form of severe combined Immunode- 
ficiency (SCID) caused by the deficiency of the eniymc 
adenosine deaminase (ADA). In children with this disor- 
dcr, the absence of ADA leads to an accumulation of de- 
bxyadenosinc triphosphate, which Is toxic to lymphocytes; 
pailems develop recurrent life-threatening infections due 
to defective cclJ-mediotcd and humoral immune responses. 
Curreni standard therapy includes bone marrow transplan- 
tation from on HLA-maiched sibling. Although lesi erTec- 
tive, intravenous replacement of ADA is used in patients 
who lack a suitable marrow donor. While the first clinical 
trial of gene iherapy for ADA deficiency resulted In din- 
leal improvement, it has not provided a permanent cure. 
The first patients were treated by repeated gene tranifcr 
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ta|o peripheral Wood lymphocyte* that htd been isolated 
by adhere* b. A preferable approach would be lo Insert the 
ADA gene Into plurtpotent hematopoietic stem cells that 
could reconstitute the immune system with ■ complete 
repertoire of immune cells. Such approaches are under de- 
velopment It has been demonstrated recently that long- 
term correction of ADA .deficiency can be achieved (albeit 
at low levels) lo a rhesus monkey model (Van Bcusechern 
tt *U IW2; Bodine ef **, 1993). 

Leukocyte adhesion deficiency (LAD) is another in- 
herited disorder that results from defective leukocyte func- 
tion. Patients with this disorder lack cell surface glyco- 
proteins that mediate celt-cell interactions necessary for 
immune function. JCrauis et a/. (1991) have developed a 
retioviras-rnedUted gene therapy strategy for the treatment 
of these disorders. 

Lysosomal Storage Diseases. Lysosomal storage dis- 
eases result from (he lysosomal accumulation of cellular 
materiel that cannot be degraded, or degraded material that 
cannot be further processed. Over fifty such disorders are 
known In human beings and animals. In theae disorders, 
the absence of a particular lysosomal enzyme involved In 
the breakdown of glycolipids and sphingoliptds leads lo an 
Increase in lysosome sice snd number, and secondary de- 
rangement of cellular function. The recessJvcly inherited 
Gaucher disease is typical of the storage diseases in many 
aspect*. OlucosykeramWe, a lipid, accumulates In 
macrophages of affected individuals due to a deficiency of 
glucocerebrosldasc. This result* In enlargement of the liver 
and spleen, destructive bone lesions, and variable central 
nervous system dysfunction. Several genetic defects are 
known and there is significant variation in (he phenotypic 
appearance of the disease within a given genotype (see 
Ncufcld et ai, 1991). 

the obatrvatloa thai cultured nbrobtaaU from n irfcacd lm)J- 
vldwtl cw Id be *cras-comctef* by cocullure with normal cell* ihal 
were* Ac -cniyme led to the development of rtplaccmini Uteripy. 
Although bttfivcnoui administration of the deficient enzyme la not 
hl|Wy effective lo patient*, replacement therapy has demonstrated 
that wyme-deftclcni cells are able to tike up exogenously produced 
enzyme. AkerooltveJy, transplintatloa of an affected patient with not- 
mjl e one aia rrow cclU con otter cKnleal improvement la some cojies 
of lytosomaj itoregc diicaae. Tke transplanted ncrratopaicilc ceils 
are able to tether normal enzyme to affected tiuoei. Celli capable 
of mazing the normal eatymc can Uarufer the secreted enrymo to a 
recipient cell by a rccerjtor-medlaled endocylosb pathway or via di- 
rect contact-mediated Irani fo. TWi capacity fo? celMo-cell l/atufcr 
of lysosomal enzymes via rcceytor-mediited eodocyloil* hoi been 
demonstrated in • number of animal models. Intruding a murine 
model of ^-glucuronidase deficiency (Boo-Ohariw tt ol, 199.1) and 
a feline model of o-majtmaidosli (Walkiay el o/., 1994). Although 



bow mi now inMipknt may be Acrapcvtleelly uiefuj m aome clr- 
cvmalancea, In utility la tfralnitked by the availability of wh.ble 
mmow donora and ike bnnraeostinpresslve rizzj azaodated aHdi 
transplanting artojeoelc bona marrow. Oene transfer method* thai 
may overcome these ibortcororngt are being developed By cagi- 
eeering the patient*, marrow to express the desired enzyme, the pa- 
tient a own leukocytes could deliver i)c^l*nzyTiie, 'lnosieproi^ 

and the corrected* gene Inserted » to rfr<* cuttare. Refusion of 
the maniputoaed morrow celli would lead In she fang-tern, replace- 
ment of the enzyme without the need for tmmimasuffmmlvc afeoU 
Several Investigators have effected rctreMn»«tedlMed gene iranafer 
Into marrow celii from ant mi hi and human beings and demonstrated 
UUI longHem product km of the desired enzyme b achievable. 

Drug Resislanct Genes In the Treatment of Cancer. 
The mechanisms by which cancer cells are able to survive 
the cytotoxic ciTecU of chemotherapy ore well described 
for a number of chemo therapeutic agents. These mecha- 
nisms include the expression of genes that are able to In- 
activate or eliminate the toxic drug (set Chapter 51). Al- 
though these genes currently serve lo limit the effectiveness 
of many chemotherapy regimes, (I Is possible that they 
might be redeployed to have the opposite effect, that is, to 
protect norrnal tissues from the toxic effects of chemother- 
apy. One gene In particular has received much attention In 
this regard, the multidrug resistance (MDR-i) gene en- 
coding the multidrug transporter protein (also known as 
P-glycoprotein). This trans membrane protein Is capable of 
pumping a wide variety of crternotherapculic agents (e.g., 
adriamycln, vinca alkaloids, epipodophyllotgslns, and 
taxol) and other drugs out of cells, thus protecting them 
from the 'agents' toxic effects (rjoltesinan et o/„ 1994), 
Many cancers display o dose-dependent sensitivity to 
chemotherapy, whereby larger doses of chemotherapy lead 
to greater tumor regression and improved survival (ice 
Chapter 31). This is beat illustrated by testicular cancers, 
which are highly curable when treated aggressively. Un- 
fortunately, loafcily to normal tissues, especially the bone 
marrow, limits the use of larger doses of chemotherapy in 
many cancers. To overcome this, autologous bone marrow 
transplantation has been employed to rescue Uie.bone mar- 
row from the toxic effects of high-dose chemotherapy. In 
some cancers (#.g f . breast cancer and testicular cancer), re- 
lopse after standard Uierapy can be treated by harvesting 
un involved normal bone marrow prior to . high-dose 
chemotherapy. The stored autologous marrow is then re- 
Infused to rescue die patient from Iherapy-lnduccd marrow 
ablation. Such high-dose chemotherapy with autologous 
bone marrow transplantation is now standard therapy for 
relapsed testicular cancer. Capitalising on this concept, a 
gene therapy-based strategy has been proposed whereby 
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ibe MDRl gene would be used to render the bone mar- 
row resistant lo ihc toxic effect* of the cryotherapy 
{Oottwmtnef<r/ N 1994). 

AJlhough gene transfer into marrow stem celb leads 
to transgene expression in only a few percent of hematopoi- 
etic cells, successive cycles of chemotherapy can be used 
tn enrich for transduced marrow cells. This approach may 
he applied lo cancers that demonstrate a sleep dose- 
response to chemotherapy and where myelosuppression is 
the dose-limit htg toxicity. 



tone Therapy for Infectious Diseases, 

The failure of conventional aotibiotics to treat many types 
<rf serious pathogenic agents effectively, most notably the 
human immunodeficiency virus, and the availability of 
unique molecular targets in these pathogens have encour- 
aged the exploration or gene therapies for infectious dis- 
eases. 

AIDS. Nabel rtaf. (1994) end Malim el at (1992) hnve 
used a dominant negative mutant protein in designing o 
gene transfer strategy for the treatment of AIDS. The rev 
protein, produced by the human immunodeficiency virus, 
is a regulatory protein necessary for viral replication. It 
binds 10 a specific viral ANA motif (rev response clement, 
RRE) and promotes the synthesis of new viral proteins! 
Studies in experimental models have shown that by Intro- 
duclng • mutant rzv gene, the HIV-infected cell produces 
an altered rev protein. This protein, called Rev M 10. is ca- 
pable of binding the same motif as the normal rev. but is 
not functional in promoting the synihesis of new viral pro- 
teins. Consequently, Rev MIO competitively Inhibits the 
activity of the normal rev protein and ultimately attenu- 
ates HIV replication. 

Immunisation. By an entirely different approach, gene 
transfer can be employed lo drive the synthesis of an 



antibody with predetermined specificity. This would elimi- 
nate the need to rely on a variable or unpredictable im- 
mune response to a vaccine (particularly in immune* 
. compromised patients) and could be used lo direct the 
synthesis of the antibody to a specific site. Chen ei al. 
(19Mb) recently have described a single-chain antibody 
with specificity for the gp!20 HIV protein that can be de- 
livered by gene transfer. They have shown ihot human 
CD4+ T lymphocytes can be transduced to ei press this 
antibody Intmcellularly. and that cylopathfe syncytium for- 
mation and HIV- 1 production were Inhibited, although not 
eliminated. 



PROSPECTUS 

Human gene therapy, although still In the infant stages of 
development, offers the possibility for major advances in 
the prevention and treatment of myriad diseases. Gene ther- 
apy brings an entirely new paradigm for the treatment of 
disorders stemming from missing or defective genes, 
whether ihey are inherited or acquired. Furthermore, this 
technology likely also will evolve for the treatment of 
"nongenctlc" illnesses, where the tissue-specific synthesis 
of a protein con be used for therapeutic benefit. The iden- 
tification of new genes related to specific diseases will 
broaden the scope of applications. Currently, however, 
the clinical application of gene therapy is more limited by 
the availablity of suitable! gene transfer methodology than 
by the identification of suitable targets for genetic alter- 
ation. However, as increasing numbers of Investigators 
address these issues, belter reagents likely wilt emerge. 
Furthermore, a better understanding of the patho- 
physiological processes will permit the design of physio- 
logically appropriate interventions. It Is to be hoped that 
increased collaboration among physicians, molecular biol- 
ogists, and cell biologists will result in the development 
of highly integrated approaches lo (his new form of ther- 
apy. 
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